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Abstract 
This thesis is concerned with the preparation of organic light-emitting diodes 
(LEOs) by using different thin film technologies: the Langmuir-Blodgett (LB) 
technique; spin-coating and thermal evaporation. 
The 1t-conjugated polymer, poly(2-methoxy-5-(5' -ethylhexyloxy)-p-
phenylenevinylene) (MEH-PPV), was used as the emissive layer and was deposited 
onto patterned indium-tin oxide (ITO) glass using the LB technique or spin-coating. 
Y-type LB films of MEH-PPV were deposited at a surface pressure of 17 mN m-1 
with a transfer ratio of 0.95 ± 0.03. Many efforts were made to improve the LB film 
device performance parameters, such as external quantum efficiency and operating 
lifetime, by inserting an electron transporting or insulating layer between the 
emissive layer and top cathode. Annealing the LB films was found to result in an 
improved operating lifetime. 
LEOs based on spun films possessed higher external quantum efficiencies 
than devices made from LB films. The more ordered LB films had a higher 
probability of intra- and intermolecular interactions and formed more excimer states 
within the structure. This led to a lower quantum efficiency compared to devices 
incorporating spun films. The operating lifetime of the LEDs was highly dependent 
on the morphology of the film surface. A smoother film surface is required for a 
longer device operating lifetime. 
A new electron transporting material, 2,5-bis[2-(4-tert-butylphenyl)-1,3,4-
oxadiazol-5-yl]pyridine (PDPyDP), was deposited on top of the MEH-PPV spun 
film. Despite a high external quantum efficiency of 0.7 %, this device suffered from 
dark regions in the electroluminescence output resulting in degradation of the device. 
The dark area formation was attributed to delamination of the aluminium electrode 
from the PDPyDP layer, which was lessened by: (a) annealing the degraded devices; 
(b) evaporating a thicker aluminium layer at a high rate and (c) inserting a buffer 
layer (Alq3) between the PDPyDP and the AI top electrode. 
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Chapter 1. Introduction 
Chaoter 1. 
Introduction 
Organic electro luminescence was reported in 1963 by Pope et al. [ 1] at about 
the same time as the frrst commercial GaAsP light emitting diodes (LEOs) were 
introduced. Subsequently, progress in LEDs was primarily in the inorganic area before 
Tang and VanSlyke [2] significantly improved the performance of organic LEDs in 
1987, using a multilayer structure. 
Organic LEDs have an advantage over their inorganic counterparts in that 
they have a significant potential for large area flat panels with a full colour range and 
low cost. Flexible (plastic) display products can also be made [3]. There has been 
much academic and commercial interest in improving device characteristics such as 
the external quantum efficiency, brightness and device lifetime. External quantum 
efficiencies of over 8 % [4] and colours covering the entire visible range [5] have now 
been obtained. However, there remains a problem of device durability (operating 
lifetime), which is caused by the oxidation, chemical degradation and mismatch of the 
top metal electrode with the organic layer. 
Electroluminescence (EL) based on n-conjugated polymers was frrst 
discovered by Burroughes et al. in 1990 in Cambridge [6]. Interest in these polymers 
has grown significantly due to the ease of producing LEDs using polymer solutions, 
and the strong luminescence yield from several conjugated polymer systems [ 6, 7]. It 
is now possible to produce light from polymer LEDs across the entire visible range 
[8]. 
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The thin organic layers required for organic LEOs are usually deposited by the 
spin-coating method or thermal evaporation. The Langmuir-Blodgett [9] (LB) 
technique and layer-by-layer self-assembly [10] offer alternative methods for building 
up ultra-thin organic films of nanometre dimensions. The LB technique provides a 
means to deposit uniform coatings of organic materials over a large area and for the 
preparation of highly ordered organic systems with molecular architectures and 
thicknesses that are controllable at the molecular level. 
Poly(2-methoxy-5-2' -ethylhexyloxy)-p-phenylenevinylene), MEH-PPV, IS an 
attractive material for LED fabrication and is used as both the emitting and hole 
transporting layer. In this research, several strategies have been applied to organic 
LEOs using MEH-PPV films to increase the external quantum efficiency and the 
device lifetime. 
Chapter 2 begins with a review of electroluminescence and its progress to 
date. Organic materials based on small molecules and conjugated polymers are 
introduced. The theory of electroluminescence and the modelling of current-voltage 
(1-V) characteristics in organic LEOs are introduced in Chapter 3. Three methods are 
commonly used to prepare organic thin films: LB film deposition, thermal evaporation 
and spin-coating. Experimental details of the film deposition techniques mentioned 
above and film characterisation by using several optical spectroscopies are described 
in Chapter 4. The fabrication of organic LEOs and the measurement equipment for 
the electrical characteristics are also detailed. 
Chapter 5 is the ftrst chapter of results and is concerned with the properties of 
MEH-PPV LB films and the 1-V characterisation of simple light emitting devices 
based on MEH-PPV LB film. The 1-V curves are fttted to several models to describe 
2 
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the conduction mechanism within an MEH-PPV single-layer device. Supplementary 
experiments, such as a.c. impedance spectroscopy and low temperature d.c. electrical 
measurements, are also described to identify the dominant mechanism. Methods to 
improve the performance of LEDs based on MEH-PPV LB films are reported in 
Chapter 6. These include insertion of thin arachidic acid LB layers and an electron-
transporting polymer, poly(6-hexylpyridine-2,5-diyl) (PHPY), between the MEH-PPV 
layer and the aluminium (Al) top electrode, and annealing of the MEH-PPV LB ftlms 
prior to the AI evaporation. 
Comparisons are made between the single-layer MEH-PPV devices based on 
LB ftlms and spun ftlms in Chapter 7. The remainder of Chapter 7 is concerned with 
dual-layer devices incorporating a novel electron transporting layer, 2,5-bis[2-(4-tert-
butylphenyl)-1 ,3,4-oxadiazol-5-yl]pyridine (PDPyDP), on the MEH-PPV spun films. 
Several strategies are adopted in this chapter to increase the stability of this dual-layer 
device. Finally, conclusions from the whole thesis, including suggestions for the 
further work, are provided in Chapter 8. 
Every journey begins with one step. There will always be explorers who strike 
out upon their own paths. Afterwards others can then follow these and go further, in 
their own endeavours, to perhaps greater riches and rewards. It is my wish that my 
small contribution will play some part in the future explorations of organic LEDs. 
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Chapter 2. 
A Review of Organic Electroluminescent Devices 
2.1 Introduction 
Electroluminescence, the process of light emission from a material following 
injection of electrical charge carriers, has been the subject of both academic and 
commercial interest for many decades. This chapter begins with the history of light 
emitting devices followed by their principles of operation. Organic materials for hole 
transporting, electron transporting and emissive layers are introduced in Section 2.4. 
Important device performance parameters, such as stability, quantum efficiency and 
multi-colour tuning, are described in the following section. Finally, the future of 
organic LEDs in the flat panel display market is discussed. 
2.2 History 
Inorganic electroluminescent materials have been known for many years, and 
LEOs based on these materials have been commercially available since the early 
1960s. EL from molecular organic materials was discovered about the same time, but 
it was only in the mid-1980s that devices using fluorescent organic dyes with 
brightnesses and operating voltages suitable for commercial applications were 
developed by Tang and VanSlyke [1] and Adachi and Tsutsui et al. [2]. 
5 
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2.2.1 Inorganic LEOs 
Light emitting diodes using p-n junctions of inorganic semiconductors have 
dominated this field for thirty years or so. However, efficient blue emission has 
recently been achieved. Inorganic semiconductors are difficult to form over extended 
areas, making the process uneconomic for large displays. 
Although blue and green LEOs have been made from materials such as silicon 
carbide and gallium phosphide, they are not efficient because of their indirect energy 
band gaps. This means that the electrons and holes have different momenta and can 
only recombine by scattering from lattice vibrations. The most intense research has 
focused on II-VI materials, such as zinc selenide, and III-V nitrides, such as gallium 
nitride, as these materials have direct band gaps and emit light at blue and green 
wavelengths. The difficulty in fabricating inorganic LEOs is that these compounds 
should have a similar lattice constant to the substrate. If not, any mismatch creates 
strain in the layers, which is generally released as dislocations. 
In 1991, Michael Haase and colleagues at 3M demonstrated the first pulsed 
operation of green laser diodes based on II-VI materials. The short lifetime of these 
devices (preventing their commercialisation) is thought to be due to crystal defects. 
Comparatively few defects in II-VI compounds can cause others to propagate, 
disrupting the weak bonding in the material and causing the device to fail. In the case 
of III-V nitrides (despite the fact that gallium nitride has a direct band gap suitable for 
blue light emission) there is no lattice-matched substrate for the growth of gallium 
nitride. 
So far, only one ternary compound, indium gallium nitride, has been used as 
the active layer of blue and green light emitting devices. The addition of indium to 
6 
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gallium nitride is vital for achieving strong light emission. The band gap of the 
material can be varied between 2.0 and 3.4 e V by altering the indium content. This 
corresponds to emission wavelengths between 620 and 365 nm. 
2.2.2 Organic LEIOs 
Organic electroluminescence was first observed from single crystals of 
anthracene by Pope et al. in 1963 [3]. These workers observed a bright blue emission 
from 10-20 J.lm thick crystals at voltages above 400 V. In 1982, Vincett et al. [4] 
evaporated films of anthracene which were an order of magnitude thinner than the 
single crystals used by Pope. Roberts et al. [5] deposited anthracene derivatives with 
short alkyl chain by using the LB technique. Thus high fields could be generated 
across these devices at a much lower voltage and the efficiency was improved 
considerably. Unfortunately the lifetime of these structures was very short. 
In 1987, a breakthrough in device performance was made by Tang et al.[l]. 
These workers separated the functions of charge transport and emission by 
introducing a charge-transporting layer. Their dual-layer device, based on tris (8-
hydroxyquinoline) aluminium (Alq3) emitted 1000 cd m-2 with an external quantum 
yield of 1 %. This concept was extended to three layers by using an emitter layer 
sandwiched between electron and hole transporting layers [2]. However, the stability 
of the devices was poor. A further improvement was made by Tang's group at Kodak 
[ 6]. An addition of a small percentage of an emissive organic dye (DCM) into a host 
matrix (Alq3) was found to alter the emission colour, and to improve the efficiency 
and lifetime of the devices [ 6]. 
7 
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Research on polymer electroluminescence was first reported by Partridge of 
the National Physical Laboratory in the UK, in 1983 [7]. Partridge built an LED based 
on poly(N-vinyl carbazole), PVK, that emitted blue light. However, the low 
luminance of the device meant that this work did not attract much attention. This 
situation changed in 1990 when Friend and colleagues at Cambridge University 
reported light emission from an-conjugated polymer called poly(p-phenylenevinylene) 
or PPV [8]. Polymers offer several advantages over their small molecule counterparts 
in that they are mechanically more robust, and less prone to recrystallisation. Very 
recently, Cambridge Display Technology (CDT) reported green emission from a 
polyfluorene based polymer with a luminous efficiency of over 20 1m w-t [9]. 
Devices combining polymers and small molecules also offer good 
performance. One such example is a polymer doped with a dye that emits red, blue or 
green light. Kido and colleagues have built single layer devices using dye dispersed 
PVK, which emitted white light with a maximum luminance of over 4000 cd m-2 [ 10]. 
Figure 2.1 summarises the remarkable improvements in device performance in organic 
and inorganic devices since the 1960s. 
Organic devices have improved rapidly since their introduction. Such LEDs 
have an advantage over their inorganic counterparts, in that they have a significant 
potential for the development of large area flat panels with a full colour range (blue to 
red) at low cost [11-13]. Flexible (plastic) display products [14] can also be made 
since the organic thin films are deposited without the lattice-matching requirements 
that limit most inorganic semiconductors to a narrow range of substrates. 
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Figure 2.1 Progress in LED efficiencies since the early 1960s [10]. 
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For multi-colour fabrication, conventional photolithographic techniques are 
not available due to the solubility of organic materials in various chemicals. Efforts to 
date to integrate different colour organic LEOs on the same substrate have exploited 
patterning by using a shadow mask for small molecules [15] and ink-jet printing in the 
case of the polymers [16]. A further problem with organic LEOs is that morphological 
changes in the organic materials due to the joule heating during device operation is 
detrimental to both the device performance and lifetime. 
2.3 Organic LED Structure 
The structure of all organic LEOs is straightforward: one or more organic 
films are sandwiched between two electrodes, one of which should be transparent to 
allow the EL emission to leave the device. A schematic energy-level diagram is shown 
in figure 2.2. In this case, indium tin oxide is the transparent anode and calcium is the 
cathode. 
Injection 
Ca 
ITO 
Figure 2.2 Schematic band diagram of organic LED under forward bias. 
The principle of organic electroluminescent devices is quite similar to that of 
inorganic light emitting diodes. Important processes are (I) charge injection, (II) 
10 
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charge transport within the charge transporting layer, (Ill) exciton formation in the 
emitter region of the device via Coulombic interaction and (IV) fmally radiative decay 
of the excitons. 
Electrons and holes can be injected over energy barriers from negative and 
positive electrodes, respectively, under appropriate voltages. These interfacial barriers 
are due to the band offsets between the semiconducting organic layer and the metal 
electrode: the energy level difference between the work function of the ITO anode 
and the highest occupied molecular orbital (HOMO) for holes; and the energy level 
difference between the work function of calcium and the lowest unoccupied molecular 
orbital (LUMO) for electrons. Electrons and holes are attracted to one another within 
the organic film and form either singlet or triplet excitons. Among these, the singlet 
excitons may decay radiatively, giving out light which is observed through the 
transparent electrode. Under reverse bias, there is a small leakage current and no 
eiTIISston. 
To increase the device efficiency, it is necessary that the number of electrons 
be balanced with that of holes providing a high probability of carrier recombination. 
To achieve the balance requires that the injected positive and negative charge carriers 
have similar mobilities. Time-of-flight measurements have shown that very low 
negative carrier mobilities are seen in many organic solids due in part to the strong 
trapping capability of oxygen in such materials [ 6]. The greater self-absorption of EL 
occurs when emission, on average, takes place deeper within the film, i.e. closer to the 
negative electrode, which also acts like a quenching site [ 17]. Hence, for efficient 
LEDs it is necessary to have the recombination zone away from the metal electrode. 
Figure 2.3 shows a device incorporating an electron transporting layer. In this 
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example, 2-( 4-biphenylyl)-5-( 4-tert-butylphenyl) 1 ,3,4-oxadiazole (PBD) dispersed in 
a poly(methyl-methacrylate) (PBD:PMMA) layer was deposited as an electron 
transporting layer on top of PPV emissive layer. The PBD:PMMA layer transports 
electrons away from the negative electrode, and also inhibits the transport of hole 
leakage currents, causing the build up of a hole space charge at the interface between 
PPV and PBD:PMMA. This increases the field across the PBD:PMMA layer and 
provides enhanced electron injection. Using this electron-conducting, hole-blocking 
layer the external quantum efficiency of the device increased from 0.1 % to 0.8 % 
[18]. 
Figure 2.3 Schematic energy level structure for ITO/PPV/PBD:PMMNCa multilayer 
heterostructure device [18]. 
2.4 Charge Transporting and Emitting Materials 
Charge transporting materials must have a high mobility for either electrons or 
holes and possess suitable energy band offsets with appropriate electrodes. These 
materials must also establish good electrical contacts with the electrodes without any 
chemical reaction which may reduce the device performance and lifetime. The organic 
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materials for both types of layers are required to have good thermal stability and be 
capable of forming high quality thin films. The emissive materials should possess the 
necessary delocalised electronic structures to yield a strong fluorescence at a desired 
wavelength. 
2.4.1 Hole Transporting Materials 
Useful hole transporting materials (HTMs) requrre a high glass transition 
temperature (Tg) because the operating lifetime of the organic LEDs is closely related 
to the thermal stability of the organic materials. They should also form a low energy 
barrier for hole injection from the anode into the emissive layer and an ability to block 
electron injection from the emissive layer to the HTM layer. Several HTMs are shown 
in Figure 2.4. 
Most common HTMs are the arylamines, for example, 4,4' -tris(3-
methylphenylphenylamino )biphenyl (TPD) [2], N,N' -di(naphthalene-1-yl)-N,N' -(3-
methylphenyl) 1, 1 '-biphenyl-4,4' -diamine, (NPB) [ 19], and 4,4' ,4" -tris(3-
methylphenylphenylamino)triphenylamine (m-MTDATA) [20]. The hole mobility of 
TPD is about 10~3 cm2 v-1 s-1 at 1 MV cm-1 [21]. Although TPD is the most 
commonly used compound for a HTM, recrystallisation of TPD is a serious problem 
during device operation [22,23]. Various groups have modified the structure of TPD 
(Tg, 63 °C) to increase Tg. This reduces recrystallisation and increases the thermal 
stability of the EL device [24]. Further compounds which have higher Tg values are 
starburst amines [25]. In particular, m-MTDATA forms a stable amorphous ftlm with 
a higher Tg of 75 oc and has 0.4 eV smaller hole injection barrier from the ITO 
electrode than TPD [26]. 
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Figure 2.4 A selection of typical organic hole-transporting materials. 
2.4.2 Electron Transporting Materials 
The criteria for good electron transporting materials (ETMs) are the ability to 
block holes, transport electrons and the provision of a small barrier to electron 
injection from the metal cathode. A frequently used material is tris (8-
hydroxyquinoline) aluminium (Alq3), which has a broad green emission, peaking at 
530 nm. One of the best attributes of Alq3 is its propensity to form high quality thin 
fllrns by thermal evaporation and its relatively high Tg (175 °C). The electron mobility 
of Alq3 was estimated to be around 10-5 cm2 v-1 s-1 [21], which is a factor of 100 
smaller than the hole mobility ofTPD. 
Other good candidates are compounds containing oxadiazole groups, which 
are electron deficient. These block holes and transport electrons very efficiently. One 
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of such oxadiazole derivatives is PBD [27]. However, this material has a relatively 
low melting temperature of 168 °C. A new material, 1,3-bis[2-(4-tert-butylphenyl)-
1,3,4-oxadiazole-5-yl]benzene (OXD-7) [28], has been developed, which has a much 
higher melting point of (> 240 °C) and consequently is much more stable. By 
replacing the oxygen in 1,3,4-oxadiazoles (OXD) with nitrogen, the derivative, 1,2,4-
triazole (T AZ), was obtained. T AZ has been shown to have a higher electron 
transporting capability than that of OXD [29]. Cyano substituted PPV derivatives 
(CN-PPV) increase the polymer electron affmity by some 0.9 eV over PPV [30]. A 
selection of electron transporting materials is shown in Figure 2.5. 
CN-PPV 
d -~ N I 
''" 6 
OXD-7 PPy TAZ 
Figure 2.5 A selection of electron transporting materials. 
2.4.3 Emissive Materials 
Most organic fluorescent dyes tend to suffer from var1ous degrees of 
'concentration quenching' which causes the effilSston bands to broaden. This is 
particularly true in the solid state. By doping or dispersing organic fluorescent dyes 
(guest) in a host matrix (emitter), self-quenching can be minimised and emission from 
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the guest molecule can be obtained by energy transfer. The Kodak [31] group has 
demonstrated that most organic fluorescent dyes (so long as they could be evaporated 
and were energetically compatible) are useful as dopants. 
Some of the desired criteria for dopants for full colour EL displays are: (I) a 
high fluorescence quantum yield, (II) overlap between the emission of the host emitter 
and the absorption of the dopant to allow efficient energy transfer, (III) emission peak 
at the blue, green and red region of the visible spectrum and (IV) narrow emission 
bandwidth to maintain chromatic purity. Figure 2.6 shows a selection of materials for 
the emissive layer and dopant in organic LEOs. Materials are positioned on the figure 
to indicate their approximate emission wavelengths. 
The emission colour can be changed by modifying the molecular structure [33] 
or by doping a small percentage of a highly emissive material into one of the 
transporting layers. Tang and colleagues [ 1 ,6] found that adding a small percentage of 
DCM to an Alq3 layer shifted the emission from green to orange-red. Polymer LEOs 
can have a variety of available emission colours simply by changing the side-chains 
[34] and/or copolymerisation which controls the degree of conversion to the 
conjugated form [35]. These lead to a change in the 1t-n* electronic energy gap which 
determines the colour of emission. Dialkoxy-PPV derivatives are particulary attractive 
due to their solubility in common organic solvents. Of this group, MEH-PPV is the 
most commonly used material. It is employed in the emitting and/or hole transporting 
layers of LEOs. 
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Figure 2.6 A selection of common emissive materials and dopants in organic LEDs 
[32]. 
2.5 Electrodes 
To ensure the balanced injection, it is necessary to equalise the barriers that 
arise at the two polymer/electrode interfaces. Moreover, to ensure that injection is 
readily achieved at a low drive voltage, a small injection barrier is required. The use of 
a transparent ITO electrode as the hole injection electrode allows the EL emission to 
readily leave the device. The combination of electrode materials for both electron and 
hole injection are listed in Table 1. 
Scott et al. [36] showed that the ITO anode acted as a source of oxygen, 
which caused an oxidation of MEH-PPV, resulting in a loss of conjugation length. 
The surface of ITO is also notoriously uneven, causing the formation of electrical 
shorts which shorten the device lifetime. Therefore, it is advantageous to use a very 
thin buffer layer between the ITO and the hole transporting layer to improve hole 
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injection. Suitable compounds are copper phthalocyanine (CuPc) [37] or a conductive 
polymer, e.g. polyaniline (PaNi) [38] or poly(3,4-ethylenedioxythiophene) (PEDOT) 
[39], as shown in Figure 2.4. This increases the adhesion of the subsequent organic 
layers and improves the device lifetime. Oxygen plasma treatment of the ITO glass 
can also be used to reduce the tum-on voltage and increase the external quantum 
efficiency [ 40]. 
Hole injection (high work function) Electron injection (low work function) 
Indium-tin oxide Al 
Al:Alz03 Mg:Ag_ 
Au Ca 
Pt In 
p-type Si etc. n-type Si etc. 
Table 1. Electrode materials for organic LEOs [ 18]. 
A range of cathode electrode materials has been used [ 41]. For ITO/PPV I Al 
devices (injection barrier to electrons: 1.6 eV), the external quantum efficiency is 
about 2xl0-3 %. Replacing Al with Ca (injection barrier to electrons: 0.3 eV) results 
in an enhancement in efficiency to 0.1 %. Changing to gold, which has a higher work 
function (injection barrier to electrons: 2.7 eV), leads to an external quantum 
efficiency of only 5xl0-6 %. Although Ca and Mg electrodes are good candidates for 
the cathode, these are too reactive in air to apply for use in 'real' devices. To some 
extent, this problem can be alleviated by using coevaporated or layered metals [6,42] 
such as Mg:Ag or Li:Al where the composite has a low work function but relatively 
low reactivity. 
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2.6 Device Stability 
The degradation of organic LEOs during operation occurs in three ways: (I) 
decay of luminance, (II) a voltage increase across the LED in constant current mode 
and (Ill) the growth of nonemissive regions (dark areas). To date, the following 
causes have been proposed for these effects: (I) morphological instability or 
crystallisation of amorphous organic film [ 43]; (II) delamination of the organic layer 
from the adjacent electrode [ 44,45]; (III) the formation of a high energy barrier at the 
ITO anode [24] and (IV) interdiffusion between the organic layers [46]. 
As already noted, the high glass transition temperature, T g• of the hole 
transporting layer dominates the heat resistance of the device. The design of 
appropriate starburst arnines [25] and oligomer arnines [ 47] are good approaches to 
obtain material with high Tg. 
Interfacial effects between the organic layer and the electrode are both 
material- and process-dependent. Organic buffer layers such as CuPc and PaNi can be 
inserted between ITO and the hole transporting layer to increase the hole injection and 
device lifetime. Recently, the deposition of a thin LiP layer prior to the Al electrode 
was also reported to improve the electron injection and device lifetime [ 48]. 
Doping is an important aspect of organic LED fabrication in terms of 
efficiency, colour-tuning and device lifetime. By choosing a proper dopant, the energy 
barrier at the organic/organic interface is lowered, leading to longer device lifetime. It 
has been reported that the lifetime of Alq3-based organic EL devices was greatly 
improved by doping the emitting layer with organic dyes such as rubrene and perylene 
[49,50]. 
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In Figure 2. 7, selected lifetime data are reviewed as a function of initial 
luminance, with symbols for several research groups. The square area indicates 
practical display requirements: a lifetime of more than 10,000 hours with an initial 
luminance higher than 100 cd m-2. Green, yellow, blue and red emitting devices are 
now within this practical application area. 
100000 r-----::......:;-~-------"'r=====:;--t 
•Kodak 
c IBM 
.,demttsu 
10000 ~......... ------~ 0 Matsushita 
'1:" G * G A Sanyo :::::~ G0 ,r <t v 0 Pioneer 
_g y • Mltsubishi 
....... 
CD 1000 ~:---------...... ------4~ <> TOK 
E y h. " Philips 
~· 
-::J •v 
100 r----~------------------1 
av 
10 ................. .&.A.o....__..-.-.....__....L............_,__,.........a...u.;.. __ ,___..._ __ ..!,..oo....,_,. ....... 
50 100 1000 10000 
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Figure 2. 7. Review of the lifetime data plotted as a function of the initial luminance 
for various LEOs. Each symbol indicates the research group and is denoted by the 
emission colour: R(red), G(green), B(blue) and Y(yellow) [43]. 
2.7 Multi-Colour Fabrication 
A wide range of materials, which efficiently produce EL throughout the visible 
spectrum, has now been reported (Figure 2.6). The colour of light emission can 
readily be controlled by altering the materials which make up the device. However, 
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this can often lead to a decrease in efficiency and broad lines which are not 
appropriate for a full colour display. 
An alternative method of colour tuning involves doping small amounts of 
fluorescent dyes into the device structure. The doping technique has been used to 
fabricate organic LEOs whose colours span the entire visible spectrum with good 
efficiencies and device lifetime [ 48,50]. Another benefit of dye doping is that dye-
doped devices often give significantly narrower EL spectra than non-doped devices. 
In order to create saturated colours it is important for the individual red, green and 
blue EL spectra to be as narrow as possible. If the EL spectra are broad, substantially 
unsaturated or washed out colours will result. 
Various different ways of making full colour displays have been proposed and 
summarised in Figure 2.8. 
(I) Separating ROB emitting sub-pixels on the same substrate using etching [51]. 
(II) Incorporating organic white emitters with pixelated ROB colour filters [52]. 
(Ill) Integrating organic blue emitters with pixelated RO down materials [53]. 
(IV) Adjusting the emission of a single type of broadband organic emitter by 
integrating with pixelated microcavities [54]. 
(V) Stacking the ROB emitters on top of one another [55]. 
The above methods all have potential drawbacks. Colour filters and down 
converters have inherent energy inefficiencies. Microcavities have a direction 
dependent resonance frequency which causes angular colour and brightness 
variations. Stacked structures require transparent metal contacts and possess the 
problem of loss of the emitted light by absorption in the semi-transparent electrodes. 
Structure (I) involves the patterning of films and microprocessing. 
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Figure 2.8 Schematic representations of the various methods used for achieving a full-
colour display [55]. 
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This inevitably requires the use of solvents, acid and water in conventional 
lithographic technique, resulting in the degradation or even the failure of devices. 
Each of the techniques described above has unique strengths and weaknesses. 
The optimum device structure for commercial full colour displays will also be heavily 
influenced by the ease with which it can be mass-produced. 
2.8 Future Directions 
Organic LEOs have ideal characteristics for many display applications. The 
attractions of organic LED technology is based on the following features: low 
operating voltage, simple methods of device fabrication, full colour range, no viewing 
angle dependence and high brightness at low drive voltages/current densities. 
The frrst commercial organic light emitting display with high resolution was 
introduced using small molecules by Pioneer, in a car stereo, in 1997 [56]. This 
monochrome display had a high external quantum efficiency of more than 4 % and 
device lifetime of more than 10,000 hours for continuous operation. The frrst active-
matrix red-green-blue (RGB) display was demonstrated by TDK in 1995. One 
advantage of the active-matrix driving scheme is that each pixel can be operated at 
low current density levels, leading to high luminous efficiencies. 
Organic displays on the market so far are based on light emission from small 
molecules rather than from polymers because polymer displays generally offer lower 
efficiencies and shorter device lifetime. UNIAX has recently demonstrated a two-inch 
diagonal passive-matrix high resolution display with PPV. Meanwhile CDT and Seiko 
Epson have developed a two-inch active matrix polymer display with PPV and 
polyfluorene materials by inkjet printing [57]. Small molecules can be patterned 
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through a fme metal shadow mask. In contrast, most polymers are deposited by the 
spin-coating technique which makes it difficult to create different colour lines in the 
device. One approach is being tried to use ink:jet printing with three cartridges 
possessing polymer solutions for the red, green and blue colours [16]. 
Products which are currently being developed are small emissive displays (e.g. 
for mobile telephones) and backlights for liquid-crystal displays (LCDs). The fmal 
target of organic LEOs is the replacement of the LCDs market for flat panel displays. 
LCDs are the dominant flat panel display technology today and will remain so for 
many years in spite of the complex processing procedure required to make an LCD 
display panel (e.g. thin film transistor (TFf) processing, colour filter (CF) processing, 
liquid crystal (LC) processing, assembly and packaging). Furthermore, only 10 % of 
the light generated by the backlight can be emitted to the outside world. Looking 
beyond the LCD era, organic LEOs offer much in terms of potential performance, 
easy fabrication and low cost. 
According to Stanford Resources, 48.7 million flat panel displays were sold in 
1995 and this figure will increase by an average of 12 % annually accounting for 
$20.8 billion in sales in 2002 [58]. Although significant work remains to realise a full 
colour emissive display and high device stability, the advantages of organic LEOs in 
weight, power consumption and cost provide a compelling economic incentive. 
2.9 Summary 
Organic LEOs have very attractive features that are likely to give them a 
prominent place in the flat panel display market in the future. The development of 
both manufacturing process technology and new materials increases the potential of 
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organic LEDs to be applicable to various display areas in the future. To date, the 
luminance is comparable with the typical luminance levels from a cathode-ray tube 
(-300 cd m-2 ) or a fluorescent lamp (-8000 cd m-2) with high external quantum 
efficiency. However, organic LEDs still have some problems in terms of device 
stability and screen resolution which must be improved for full commercialisation. 
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Chapter 3. 
Optical and E~ectronic Properties of LEOs based on 
Conjugated Polymers 
3.1 Introduction 
Light emitting devices incorporating conjugated polymer have become the 
subject of intense research since the frrst report of electroluminescence in poly(p-
phenylenevinylene) (PPV) [1]. This chapter begins with an introduction to conjugated 
polymers and their properties including a description of energy levels, optical 
transitions and photoexcitations. The operation of LEDs is determined by three 
processes: charge injection; charge transport and charge recombination. The main 
theoretical models describing 1-V characteristics of LEDs are outlined. A brief 
explanation of electron-hole recombination, including radiative and nonradiative 
decay, is then provided. 
3.2 Conjugated Polymers 
Since 1977 a new class of conducting materials has been studied in some 
detail: electrically conducting polymers. The prototype of these new substances is 
polyacetylene. It was discovered that, upon treatment with bromine, the polymer 
(which is a good insulator in its pristine form) converts into a quasi-metal [2]. Today 
many polymers with similar properties are known. Figure 3.1 shows the chemical 
structure of the most important compounds. 
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Polyacetylene 
Polyphenylene 
Polypyrrole 
Polythiophene 
Polyaniline 
Poly(phenylenevinylene) 
Figure 3.1 Chemical structure of several conjugated polymers. 
The main characteristic of all of these polymers is the presence of a so-called 
conjugated quasi one-dimensional chain, where the chemical bonding between the 
atoms in the mainly carbon "backbone" of the polymer chain alternates between single 
and double bonds. The electrons in a cr-bond are strongly localised and form a strong 
chemical bond. In contrast, the electrons in the 1t-bonds are not localised and form 
much weaker bonds. As a result, the electrons in a cloud that extends along the entire 
length of the conjugated chain are free to move along the molecule as shown in Figure 
3.2. 
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Figure 3.2 The bonding in ethylene consists of one sp2 -sp2 cr bond and one Pz-Pz 7t 
bond. 
On exposure of these conjugated polymers to suitable electron acceptors 
(oxidising agents) or electron donors (reducing agents), a transformation from an 
insulator to a conductor takes place. It is this dramatic transition from an electrically 
insulating state to an electrically conductive state that has stimulated the worldwide 
interest in these materials. 
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Figure 3.3 Conductivities of synthetic metals compared to those of conventional 
materials. 
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In Figure 3.3 the conductivity of doped polymers is compared to that of 
conventional materials. The conductivity can be changed by more than 14 orders of 
magnitude by doping. One of the highest values of conductivity is 105 S cm-1 for 
iodine-doped polyacetylene [3]. 
Charge transport in polymer semiconductors does not occur in the same way as 
in inorganic semiconductors. When electrons or holes are injected at the electrode, the 
polymer chain is physically distorted (Peierls distortion) unlike the ions in an inorganic 
semiconductor which have fixed positions. So, the charge carrier couples with the 
distortion to form a mobile polaron - an entity that incorporates both the charge 
carrier and the accompanying local chain distortion. 
3.3 Peierls Transition 
The electronic properties of doped conjugated polymers are strongly 
influenced by the coupled motions of 7t-electrons with lattice vibrations (phonon 
modes). Lattice instabilities of this type were initially proposed by Peierls [4]. 
Structural relaxations of the lattice surrounding the charged defect sites are 
possible due to the strong electron-phonon coupling that exists in quasi-one 
dimensional systems. Such distortions would not be expected in rigid 3-D structures. 
The specific types of charged defects formed on the polymer backbone during doping 
depend on the structure of the polymer chain. Essentially two main types of 
conjugated polymer backbone can be identified: those with degenerate ground state 
structures and those with nondegenerate ground state structures. An infinite chain of 
trans-polyacetylene having two equivalent structures with the same energy (Figure 
3.4) is known as a polymer with a degenerate ground state structure. In contrast 
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poly(p-phenylenevinylene) (PPV) has two alternative bond structures, bensenoid and 
quinoid, which do not have equivalent energies. This kind of polymer is known as a 
polymer with a nondegenerate ground state structure. 
trans-polyacetylene chain 
quinoid 
Figure 3.4 Bond alternations of trans-polyacetylene chain and PPV. 
3.3.1 Polarons 
In non-degenerate ground state polymers such as polypyrrole, the doping 
process removes electrons from the n-system of the backbone creating a free radical 
(unpaired electron with spin 112) and spinless positive charge (cation), as shown in 
Figure 3.5. The radical and cation are coupled to each other via a local bond 
rearrangement forming a sequence of quinoid-like rings. The quinoid-like lattice 
distortion is of higher energy than the remaining part of the benzenoid-like bonding 
configuration. Thus separation of these defects along the chain and the concomitant 
creation of the additional high energy quinoid-like structure costs a considerable 
amount of energy. This limits the number of quinoid-like rings that can link these two 
bound species together. In the case of polypyrrole, the lattice distortion is believed to 
extend over about four pyrrole rings. This combination of a charged site coupled to a 
free radical via a local lattice distortion is called a polaron. Polaron formation creates 
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new localised electronic states in the forbidden energy gap, with the lower energy 
states being occupied by single unpaired electrons (a polaron has spin). 
I CB 
neutral 
polymer 
Removal of electron 
Polaron 
bipolaron 
CB 
---4-
l,:::::::::a:::::::.:l 
polaron 
CB 
hi polaron 
CB 
bipolaron 
bands 
Figure 3.5 Oxidation of polypyrrole and the creation of polaron and bipolaron states. 
On further oxidation, an electron can be removed from either the polaron or 
the remaining neutral portion of the chain. In the former case, the free radical of the 
polaron is removed and a dication is created. This is comprised of two positive 
charges coupled through the lattice distortion. This new spinless defect is called a 
bipolaron. On the other hand, removal of an additional electron from a neutral portion 
of the chain would create another polaron along the chain. The former process is 
thermodynamically more favourable than the latter. Bound states create defect levels 
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symmetrically located above the valence band and below the conduction band. The 
new empty bipolaron states are also located symmetrically within the band gap, about 
0.75 eV away from the band edges in the case of polypyrrole. Continued doping of 
the polymer creates additional localised bipolaron states which can overlap to form 
continuous bipolaron bands (in Figure 3.5). 
3.3.2 Solitons 
In the case of conjugated polymers with degenerate ground state structures, 
such as polyacetylene, the initial oxidation creates polarons symmetrically located 
within the gap as shown in Figure 3.6. Further oxidation of the polymer creates 
polymeric dications. Since the ground state structure of polyacetylene is two-fold 
degenerate, the charged cations are not bound to each other by a higher energy 
bonding configuration and can freely separate along the chain. 
CB 
neutral 
chain 
Removal of electron 
• 
Polaron 
Soliton 
CB 
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CB 
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soliton 
bands 
Figure 3.6 Oxidation of polyacetylene and the creation of polaron and soliton state. 
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On either side of this defect, there is a reversed orientation of the conjugated 
system with identical energy: such defects are called solitons. Solitons are believed to 
delocalise over about 12 C-H units. Soliton formation results in the creation of new 
localised electronic states that appear at the middle of the energy gap as indicated in 
Figure 3.6. At high enough doping levels, the charged solitons interact with each 
other to form a soliton band. 
Experimental evidence supports the existence of solitons, polarons and 
bipolarons, in the form of optical spectra. Figure 3.7 shows optical spectra of a thin 
film of poly(3-octyl thiophene) in its neutral and oxidised state [5]. Before doping, a 
strong interband transition which is centred around 500 run is evident. After doping to 
a state of high conductivity, the interband transition decreases and two new 
absorption bands resulting from transitions of electrons from the valence band to the 
two newly created bipolaron states are clearly observed. 
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Figure 3.7 Optical spectra of a thin film of poly(3-octyl thiophene) (a) before doping, 
(b) after doping with NOPF6. Inset shows the optical transitions of a bipolaron [5]. 
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3.4 Photoluminescence 
Luminescence is the spontaneous emission of optical radiation (infrared, 
visible, or ultraviolet light) by matter: organic, inorganic molecules; polymers; organic 
or inorganic crystals; and amorphous substances. The causes of the excitation are 
various. If the exciting cause is a photon, the process is called photoluminescence; if it 
is an electron it is called electroluminescence. Chemiluminescence is luminescence 
resulting from a chemical reaction; bioluminescence is the luminescence produced by a 
living organism. 
s, 
Fluon:sccnce 
inlen&ity 
Figure 3.8 Schematic diagram of the mirror image relationship of absorption and 
luminescence [ 6]. 
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Photoluminescence (PL) is the radiative decay of an excitation caused by 
absorption of a photon. The process of absorption of a photon involves the interaction 
of the electric and magnetic fields of the light wave with static and dynamic electrical 
components of the molecules. The electronic transitions are strongly coupled to 
vibrational modes, which leads to vibronic structure in the absorption and emission 
profiles. A photoluminescence spectrum, in the simplest case, is a very similar (but not 
identical) mirror image of the absorption spectrum, as shown in Figure 3.8. 
Absorption occurs from the populated v "= 0 vibrational level of the electronic 
ground state, S0, to the various vibrational levels of the excited state. Mter excitation 
of the molecule to an upper vibronic state, the nuclear coordinates are not in their 
equilibrium configuration for the new electronic state, and hence radiationless 
relaxation between the vibrational states occurs to v'= 0 level ofthe excited state St. 
Since electronic transitions take place on a much faster time scale(- w-ts s) than the 
nuclear motions (- 10-13 s), most electronic transitions are completed before the 
nucleus can alter its configuration. Thus the electronic transitions are represented by 
vertical, or so-called Franck-Condon transitions, as shown in Figure 3.8. 
Radiative transitions can occur from the lowest vibrational level of the 
excited state to the various vibrational levels of the ground state. The vibrational 
relaxation that occurs, however, produces a red shift of the emission spectrum 
compared to the absorption spectrum. Even the 0-0 transitions do not completely 
overlap and there is a shift between the 0-0 absorption and luminescence peaks. This 
energy difference is called the Stokes' shift. Thus absorption spectroscopy can 
provide information about the vibrational states of the excited state and luminescence 
spectroscopy can provide information about the vibrational states of the ground state. 
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Absorption and photoluminescence in polymeric systems is more complicated 
than the situation in simple molecules. In a polymer material, the excited electron 
forms a bound state with the hole in the valence band. This entity is called an exciton. 
Excitons in conjugated polymers have a typical lifetime in the range of 70-250 ps at 
room temperature [7, 8] and are believed to be mobile along the disordered polymer 
chain. This disordered chain will produce a distribution of the extent of exciton 
delocalisation, resulting in a number of chain segments with various conjugation 
lengths. Shorter conjugation lengths produce a larger band gap while longer 
conjugation lengths produce a smaller band gap. The lowering of the band gap with 
increasing conjugation length arises due to the linear combination (overlap) of 
neighbouring 1t orbitals, producing a decreasing 1t-1t • energy difference. 
During absorption, light with sufficient energy will excite all conjugation 
lengths, resulting in a broadening of the absorption spectrum. Absorption produces 
mobile excitons on the polymer chains, which can then migrate to a chain segment 
with a longer conjugation length and decay radiatively, producing more vibronic and 
narrow emission spectra at a lower energy, red-shifting the photoluminescence and 
contributing to a seemingly larger Stokes' shift. For example, Bradley [9] reported the 
Stokes' shift in PPV (in Figure 3.9) and proposed that the electronic excited states 
responsible for emission were associated with excitons. The absorption spectrum has 
a less pronounced and broad structure and the mirror image, which is observed in 
organic material, cannot be seen. 
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Figure 3.9 PPV absorption and emission spectra [9]. 
3.5 Modelling of 1-V Characteristics of Organic LEOs 
The theoretical modelling of organic LEDs operation is a growing but 
complicated field of study. Both injection dominated and bulk dominated mechanisms 
have been proposed as the rate limiting process in the current-voltage behaviour of 
polymer and small molecule organic LEDs. Proposed injection dominated mechanisms 
are tunnelling [10, 11] and thermionic emission [12]. Proposed bulk dominated 
mechanisms are Ohmic conduction [13], space charge limited (SCL) current 
conduction [10, 13, 14] and space charge limited conduction with an exponential trap 
distribution [ 15]. 
The charge-carrier injection and transport processes within polymer LEDs are 
much more complex than in inorganic crystalline devices, due to the lack of a three-
dimensional crystal lattice, local structural disorder, different inter- and intramolecular 
interactions, the existence of amorphous and crystalline regions and chemical 
impurities. This situation is complicated by the interface between the polymers and the 
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electrodes. Polaron formation as well as structural relaxation also further complicate 
the situation. 
The modifications to models outlined above have produced improved 
agreement with the experimental data for organic systems. For example, thermionic 
emission at lower voltages and tunnelling emission at higher voltages has been used to 
explain the 1-V characteristics of ITO/poly(p-phenylene)-ladder-copolymer/metal 
device [16]. Karg et al. [17] showed ITO/PPV/Al or Ca devices in which the 1-V 
characteristics displayed Schottky behaviour at low current density but were 
characteristic of SCL currents at high current density. Also, the tunnelling model 
incorporating SCL current conduction provided a good fit for Al/p-PPV/Al devices 
[18]. 
3.5.1 Metal-Semiconductor Contact 
When a metal and another solid are brought into intimate contact, their Fermi 
levels must be the same at the interface to achieve thermodynamic equilibrium. Since 
the work function of the metal and the Fermi energy of the solid material are not 
necessarily the same, this requires a transfer of charge between the metal and the 
solid. The theory of contacts between doped semiconductors and metals was 
developed by Mott [19] and Schottky [20]. Figure 3.10 shows the band diagram of a 
metal/p-type semiconductor/metal structure with an Ohmic and a rectifying contact. 
The bands bend at the interface depending on the relative positions of the Fermi levels 
with respect to the vacuum potential. This band bending results in the accumulation or 
depletion of holes at the interface, and a potential barrier (Schottky barrier) is formed 
at the depleted junction. 
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The contact type can usually be predicted by considering the work function 
differences between the metal and the polymer. Conducting polymers are typically p-
type semiconductors forming rectifying contacts with metals of lower work functions. 
The term Win Figure 3.10 represents the distance over which the bands are bent. This 
is referred to as the depletion width. The barrier to hole injection formed at this 
interface is known as a Schottky barrier. 
Rectifying contact Ohmic contact 
Conduction band 
Fermi level 
Metal Valence band ITO 
cjlb 
qVn 
P-type semiconductor 
Figure 3.10 Schottky barrier formation in p-type semiconductor. 
When the current transport is dominated by the depletion layer, asymmetric 
current-voltage (1-V) curves are observed. The 1-V characteristics of a Schottky 
diode is described by the Shockley equation [21] 
J = J,[exp( qV) -1] 
nkT 
(3.1) 
where Js is the reverse saturation current, k Boltzmann's constant and n the ideality 
factor, which describes deviations from the ideal thermionic emission model. The 
saturation current density Js is given by 
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(3.2) 
where A• is the Richardson constant (vacuum value: 120 A cm-2 K 2) and <1>t> is 
Schottky barrier height. Equation (3.1) shows that the 1-V characteristics are 
independent of the thickness of the polymer layer. Karg et al. [17] showed that the 1-
V characteristics of two PPV LEDs (200 and 800 nm) behaved almost identically. 
The theoretical Schottky barrier height to holes is calculated with the 
following equation 
(3.3) 
hence, the barrier height to electron injection is 
(3.4) 
where Eg is the energy band gap of semi-conducting material, <l>e the injection barrier 
to electrons, <l>m the work function of metal and X the electron affinity of material. 
An electric field applied across a Schottky contact effectively lowers the 
barrier potential energy through an image force effect and modifies thermionic 
emission over the depletion region. The voltage and temperature dependence of the 
current is [22] 
(3.5) 
where E is the relative permittivity, Eo the permittivity of free space and L sample 
thickness. A relationship of J proportional to yw is observed for thermionic emission. 
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Scherbel et al. [23] showed the existence of a Schottky barrier in ITO/PPV/Al 
LEDs by a.c. impedance spectroscopy. 
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Figure 3.11 Cole-Cole plot of the impedance of an ITO/PPV I Al sample at room 
temperature for various forward bias voltages. 
The real and imaginary parts of the impedance Re(Z) and lm(Z) were recorded 
at frequencies from 100 Hz to 10 MHz at a range of different applied biases, Figure 
3.11 (Cole-Cole plot). Two semicircles can be interpreted in terms of two parallel RC 
circuits in series. The right-hand semicircle strongly depends on bias voltage and 
diminishes with increasing forward bias. The change in impedance with bias voltage is 
dominated by the change in the depletion width. However, the response of the bulk 
region (left-hand semicircle) is nearly unaffected by bias voltage. The junction 
capacitance Cj is given by the following equation [21] 
(3.6) 
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where NA is the ionised acceptor concentration, V0 the diffusion voltage. Equation 
3.6 predicts a linear dependence of 1/C2 on the reverse bias (V < V0 ). The width of 
the depletion region is given by 
w= (3.7) 
3.5.2 Fowler-Nordheim Tunnelling 
At sufficiently low temperatures, or for large barriers at high fields, emission 
due to quantum mechanical tunnelling through the barrier, known as field emission, 
can become important [24]. The rate of tunnelling through a triangular barrier is given 
at low temperatures by [25] 
(3.8) 
where 
4~2qm· 312 k = t/Jb 3h (3.9) 
and m· is the relative effective mass and h is Planck's constant. Tunnelling currents 
are frequently analysed using a Fowler-Nordheim plot, where ln(J/F2) is plotted 
against 1/F to give a straight line. The gradient of this can be used to extract the 
barrier height. Parker [11] showed that the 1-V characteristics of ITO/MEH-PPV/Al 
LED depended, not on the voltage, but instead on the electric field strength. This 
clearly points to a tunnelling model for carrier injection in which one, or both, of the 
carriers is field emitted through a barrier at the electrode/polymer interface. Here, 
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holes and electrons are able to tunnel into the polymer when the applied electric field 
tilts the rigid bands of polymer sufficiently, as shown in Figure 3.12. 
2.8eV. 
ITO 4.7eV 
0.2eV f _______ _ 
In 4.2eV 
AI 4.3eV 
Ag 4.6eV 
Cu 4.7eV 
Au S.2eV 
Figure 3.12 F-N model for the MEH-PPV device, indicating position of the Fermi 
level for various electrode materials [11]. 
Equation (3.8) cannot account for the temperature dependence and thickness 
dependence observed in some 1-V characteristics. Theoretically, all the measured data 
with different thickness and at different temperatures should lie on top of each other 
and the theoretically derived straight line. At high electric fields, the Fowler-Nordheim 
tunnelling model can provide a fit to the experimental results. Deviations from 
linearity at lower field strength are likely to be due to a thermionic emission 
contribution to the current [ 11]. 
3.5.3 Space Charge Limited Current 
If the applied field is large enough and the metal makes an Ohmic contact to the 
semiconducting material, single-carriers are injected into the bulk of the 
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semiconductor. The carrier concentration near the contact increases due to the flow of 
current. A consequence of the carrier injection is the formation of a space charge 
cloud of charge carriers in the vicinity of the contacts. Mutual repulsion between the 
individual carriers limits the charge injection and the resulting current is said to be 
space charge limited (SCL). 
At low voltages, where the equilibrium charge density, Ilo, is larger than the 
injected charge density, the Ohmic current 
(3.10) 
is predominant over the SCL current. 
For a trap-free material, neglecting diffusion currents, and when the 
equilibrium charge density is negligible in comparison to the injected charge density, 
the space charge limited current is given by Child's law [26] 
(3.11) 
Space charge limited current theory with a trap distribution proposes that the 
space charge, which limits conduction, is stored in the traps. The number of free 
charge carriers under given conditions then depends on the position of the quasi-
Fermi level [6]. At higher voltages, the filling of traps below the quasi-Fermi level 
results in the current being governed by both the density and energy distribution of the 
traps. This current is said to be trap charge limited (TCL). The introduction of this 
trap distribution can result in a higher power dependence of current on voltage 
expressed by 
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( 
V )m+l }ocd-d2 
where, m is defmed by 
m=E, /kT 
(3.12) 
(3.13) 
and Et is the characteristic energy of the trap distribution. This parameter is directly 
related to the depth of the trap distribution from the energy level within the band gap. 
For example, a smaller value indicates a distribution of traps (for holes or electrons) 
closer to the LUMO or HOMO energy level when m > 1. In the case of a trap free 
insulator, m is equal to 1. 
If the injected charge density is high enough so that the quasi-Fermi energy 
moves above the trapping level, then the traps become completely filled. In this case, 
known as the trap-filled limit (TFL), the density of charge in traps becomes negligible 
compared to the injected charge, and the current reverts to the trap-free value. If the 
traps are sufficiently deep, as the voltage is increased the current can change directly 
from the Ohmic regime to the TFL regime, as shown in Figure 3.13. 
In three-dimensionally bonded inorganic semiconductors, room temperature 
mobilities are high, typically 102 to 104 cm2 v-1 s-1• However, for conjugated 
polymers, hole mobilities have been found to be within the range 10-4 to 10"6 cm2 Y 1 s-
1
. This low mobility is attributed to larger hopping distances, increased disorder, and 
also to the effect of traps. Electron mobilities have proved to be at least two orders of 
magnitude lower than hole mobilities [26]. Since mobilities in conjugated polymers 
are very low, space charge effects are likely to be important in determining the 
electrical characteristics of polymer devices. Campbell et al. [28] showed a good 
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agreement of the recorded I-V characteristics of ITO/PPV/Al LED devices with 
different thickness and at different temperature with a space charge limited current 
model incorporating an exponential distribution of traps. It is possible that the Ohmic 
behaviour is not observed due to the high current densities in polymer LEOs, even at 
low bias [28]. 
Log J 
'he V,.FL 
Log V 
Figure 3.13 Typical current-voltage characteristic for a one-carrier space charge 
limited current controlled by a single set of trapping centres. 
3.6 Electron-Hole Recombination and Exciton Formation 
In conjugated polymers with non-degenerate ground states, injected charge 
from the electrode is transported in the form of negative or positive polarons, in the 
case of electrons and holes, respectively. Polarons tend to be more mobile than 
bipolarons, and hence can dominate the transport. The polarons migrate under the 
effect of the applied field and can meet up with an oppositely charged polaron to form 
polaron excitons. 
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An exciton is regarded as a free electron and hole pair which is coupled 
together through Coulomb capture to form a single system with specific energy levels. 
This exciton migrates throughout the crystal or conjugated polymer and forms the 
lowest excited molecular state and then decays radiatively as shown in Figure 3.14. 
Electron injection Recombination Hole injection 
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Figure 3.14 Scheme of electroluminescence processes. 
The injection of charges with random spin signs will statistically produce both 
singlet and triplet excitons. 75 % of the excited molecules formed in electron-hole 
recombination are in the triplet state, while 25 % are in a singlet state. A triplet state 
has a lower total energy relative to the corresponding singlet state because the two 
unpaired electrons in the triplet state are prevented from being too close to each .... 
other, reducing the electrostatic repulsion between them. The singlet and triplet states 
are 
Singlet= ~ [(i J,)- (i J,)] 
Triplet = (ii) 
(3.14) 
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Only the singlets are coupled by dipole allowed transitions to the ground state 
and this is the origin of the 25 % limit on EL efficiency compared with PL efficiency. 
Considering the confmement of light inside the device by refraction at the interfaces 
[30], the theoretical external quantum efficiency is expected to range between 2 % 
and 7% [9]. 
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Figure 3.15 Jablonsky diagram representing the important photophysical processes 
[31]. 
The emission from fluorescence and phosphorescence occurs due to radiative 
decay from singlet and triplet excited states, respectively (Figure 3.15). For 
fluorescence, emission occurs with no net change in spin angular momentum, while 
for phosphorescence, emission is accompanied by a change in spin angular 
momentum. Radiative decay of triplets is much slower than that of singlets due to the 
singlet generation via triplet-triplet collisions [32]. This is the source of the delayed 
fluorescence in, e.g., anthracene and related organic materials [33, 34]. In some 
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definitions a persistence of more than 10 nanoseconds oo·8 s) is treated as 
phosphorescence. 
The comparison of the PL and EL spectra can also show their non-similarities. 
The distinct difference between PL and EL spectra results from the difference in 
charge distribution within the structure. In the case of PL, the luminescence originates 
from the bulk of film whereas in the case of EL, the injected positive and negative 
charges move under the electric field and recombine in the recombination zone with a 
specific electronic energy level. 
3.7 Excimer Formation 
Excimers refer to dimers that exist only in the excited state while the ground 
state of the pair dissociates. One common way in which excimers (E1 *) are formed by 
interaction of an excited state of a molecule, S1 *, with the same species in the ground 
state, So 
(3.15) 
The formation of the excuner is well known in aromatic molecules and 
particularly in 7t-conjugated polymers in which the stiff backbone with relatively 
planar geometries and strong intermolecular interactions lead to cofacial chain 
packing in the solid state. The excimer state has lower energy than the exciton state 
confmed to one chain and suppresses intrachain excitons. Therefore, the emission of 
the excimer 
(3.16) 
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is red shifted, broad and featureless. 
Miyashita et al. [35] observed that the most intensive excimer emission from 
the LB multilayer when compared to that from the spun film and the solution. In the 
LB multilayer structure of 1t-conjugated polymers, the excimer state can be formed by 
energy transfer between the conjugated polymer backbones both within the same layer 
and between the adjacent layer, as shown in figure 3.16. 
Figure 3.16 Schematic illustration of energy transfer between the conjugated polymer 
chains in LB fllm structure. 
3.8 Radiative and Nonradiative Decay of Singlet States 
The same singlet states that give rise to PL are responsible for the EL 
emission. Hence, the information from PL studies provides insights into the potential 
of organic materials for EL applications. High PL efficiency is a necessary, but not 
sufficient condition for efficient EL. The reasons for this are that there are numerous 
competing non-radiative decay channels: (I) multiple phonon emission both to the 
ground state and to low lying states by successive emission of phonons [36]; (II) 
intersystem crossing, i.e. some of the singlets initially formed may convert into triplets 
[37]; (III) singlet-singlet collisional annihilation and (IV) migration of excitons to, and 
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subsequent decay at quenching sites. Quenching sites involved may be bipolarons with 
deep intra-gap levels [9], excimers and exciplexes formed by intermolecular contacts 
of two identical or two dissimilar molecular units [38], chemical defects such as C=O 
groups [39] and contaminants associated with the synthesis or subsequent processing. 
The recombination of the singlet excitons in conjugated polymers is influenced 
by some or all of these quenching mechanisms, depending on the material and 
experimental parameters such as temperature, excitation energy, and disorder in the 
solid state. 
3.9 Quantum Efficiency and Energy Efficiency 
The definition of external quantum efficiency, ll~(ext), is the ratio of the 
number of photons emitted from the device to the number of electrons which flow 
through the device 
(PI hv) 
11 ~ = (I I e) (3.17) 
where P is the power emitted at a drive current and the photon energy is hv. 
It is also sometimes of interest to consider the internal quantum efficiency, ll.p, 
of a device. This relates to the number of photons produced at the junction rather than 
those emitted from the device, and thus ignores the photons that are absorbed after 
emission. The external and internal quantum efficiency are connected by the factor 
Tlext, which is approximately evaluated by using the refractive index of emissive 
medium n [ 40] 
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(3.18) 
Figure 3.17 shows the elementary processes, beginning from the 
recombination of holes and electrons and ending by the light leaving the device. The 
external quantum efficiency is expressed as 
External 
emission 
(3.19) 
Figure 3.17 Schematic representation of the elementary processes for charge 
recombination, production of singlet excitons, emission and external emission. 
The internal quantum EL efficiency, f\~, is given by using capture quantum 
efficiency y, efficiency of production of singlet excitons T\r and quantum efficiency of 
fluorescence c1>t 
(3.20) 
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A fraction of total injected charges can meet with the opposite charges to form 
excitons. This fraction is represented by the capture quantum efficiency, y. Only a 
quarter of excitons can be exited as spin singlet state, 11r- Triplet excitons decay non-
radiatively limiting the efficiency of operation. The excited singlet excitons can 
migrate to a lower energy chain segment and emit light. However, migration to 
quenching sites and other non-radiative decays lower the quantum efficiency of 
fluorescence <J>r. 
In a practical system, however, power efficiency is important and must be 
taken into account. The power efficiency and external quantum efficiency are related 
according to 
1Jp = 1J~(ext)(hv I eV) (3.21) 
where hv and V denote the photon energy of emitted light and applied voltage, 
respectively. Another indicator for the device efficiency is luminous efficiency llL· 
which is the total luminous flux per unit input power (lm w-1). 
3.10 Summary 
Conjugated polymers possess 1t-electrons which are not localised and extend 
along the entire length of the conjugated chain, inducing semiconducting properties. 
After doping of, and charge injection to, conjugated polymers, structural relaxations 
of the polymer backbone surrounding the charged defect, called polarons or solitons, 
are formed and are important in the performance of polymer LEOs. 
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Although the charge-carrier injection and transport processes within organic 
LEOs are much more complex than inorganic crystalline devices, Schottky, Fowler-
Nordheim and SCL current models can provide insight into the barrier heights and 
charge mobilities within the organic layer, and hence into the device operation. To 
date, the application of such models to the complex situations in organic LEOs has 
not been fully successful in describing the I-V characteristics at different temperatures 
and for different thickness regimes. 
Only the singlet states of excitons can decay with the emission of light, which 
limits the EL efficiency to 25 %. Considering the non-radiative decay and the total 
reflection within the device, the external quantum efficiency of organic LEOs is 
expected to be in the range between 2 % to 7 %. 
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Chapter 4. 
Experimental Techniques 
4.1 Introduction 
Technological applications of new materials often require them to be in the 
form of thin films. The term 'thin film' is generally used to describe layers with 
thicknesses ranging from 1 nm to 10 ~m. Many thin-film processing techniques have 
already been developed for the fabrication of electronics and optoelectronic 
components. Particular types of organic compound are necessary for certain 
processes. For example, polymer materials are usually deposited by spin-coating, 
whereas low molecular weight compounds can be sublimed using thermal 
evaporation. Materials which have an amphiphilic nature can be deposited, layer by 
layer, using the Langmuir-Blodgett technique. Film thickness uniformity is essential 
for device commercialisation. Other important factors are the cost of the thin-ftlm 
process, the time taken for coating and the availability of continuous coating. 
This chapter starts with an overview of the three processing methods 
mentioned above and provides experimental details for these techniques. The optical 
characterisation of the ftlms is explained in Section 4.3. The fabrication of organic 
LEOs is detailed in Section 4.4 and the measurement equipment for the electrical and 
optical characteristics is described in Section 4.5. The rest of this chapter is concerned 
with the description of a.c. impedance spectroscopy, low temperature conductivity 
and surface profiling. 
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4.2 Film Deposition 
4.2.1 Langmuir-Blodgett Technique 
Materials Suited to the LB Technique 
The LB technique requires arnphiphilic molecules to be 'trapped' at the 
interface between two phases (liquid-gas). For this to occur, the 'arnphiphilic balance', 
i.e. the balance between the hydrophilic and hydrophobic constituents within the same 
molecule, must be correct for the two phases concerned. 
In the case of the air/water interface, materials such as long chain fatty acids 
and alcohols can be used as film forming materials. The hydrocarbon part -CH2- of the 
molecule is responsible for the material's repulsion from water while the polar -COOH 
or -OH group has sufficient affinity for water to anchor the molecule in the aqueous 
subphase (Figure 4.1). 
_..- CH3 
H2C ........... 
_..- CH2 
H2C ........... 
_.- CH2 
H2C ........... 
_.- CH2 
H2C ........... 
_.- CH2 
H2C ......._ 
~CH2 
H2C _..-
........... CH2 
H2C _..-
........... CH2 
---
H2C ........... 
_______ _ ~'_cru. __ _ 
~'-~ -~~-Q •• D:~------ Hydrophilic pan 
Figure 4.1 Representation of the amphiphilic molecule of stearic acid. 
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Surface Pressure versus Area Isotherm 
The most important indicator of the monolayer properties of a long chain fatty 
acid is provided by a plot of surface pressure (1t) as a function of the area of water 
surface available to each molecule (A). The measurement is undertaken at a constant 
temperature and the result is known as a 1t-A isotherm [1]. It is important to study 
such isotherms before the LB dipping characteristics are investigated. For example, 
information can be obtained on the molecular packing and the stability of the 
compressed layer. 
A general surface 1t-A isotherm for a long chain fatty acid is shown in Figure 
4.2. On examination, a number of distinct regions are apparent. At very large surface 
areas, the surfactant molecules are so far apart that there are negligible interactions 
between them and their density is so low that their effect on the subphase surface is 
very small. The film therefore behaves as an 2-dimensional ideal gas. As the surface 
area is reduced, the hydrocarbon chains will begin to interact. The 'liquid' state that is 
formed is generally called the 'expanded monolayer phase.' The hydrocarbon chains 
of the molecules in such a film are in a random, rather than a regular, orientation with 
their polar groups in contact with the subphase. 
On further compression there is an abrupt increase of slope. This phase change 
represents a transition from the liquid phase to an ordered solid-like arrangement or 
'condensed phase.' Here, the molecules are relatively well oriented and closely 
packed. The zero-pressure molecular area(~). obtained by extrapolating the slope of 
the 'solid-phase' to zero pressure - the point at which this line crosses the X axis - is 
the hypothetical area occupied by one molecule in the condensed phase at zero 
pressure. 
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Eventually, the collapse pressure, 1tc, is reached at which the film loses its 
monomolecular form. The forces exerted on it become too strong for confmement of 
the molecules in the two-dimensional solid phase and molecules are ejected out of the 
monolayer plane. 
co~ of monolayer 
Side view Top view 
.. 
limiting area Surface Area (a.u.) 
Figure 4.2 7t-A isotherm of long chain fatty acid. 
Multilayer LB Films 
Langmuir-Blodgett films consist of monomolecular layers stacked sequentially 
onto a solid substrate. A suitably treated substrate is lowered into the water, breaking 
through the floating Langmuir film. This film attaches itself to the substrate, coating it 
in a monomolecular layer. Once the first layer has been deposited, further layers will 
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be transferred on each subsequent dipping cycle. Multilayers can therefore be 
deposited, as shown in Figure 4.3. 
(b) 
(c) (d) 
H It 
(e) (f) 
Figure 4.3 Deposition of multilayers by the LB technique. 
Deposition Modes 
The molecular orientation in the multilayer film depends on the monolayer 
material used. A schematic diagram illustrating the commonest form of LB film 
deposition is shown in Figure 4.4. If the substrate is hydrophilic, the first monolayer is 
transferred as the substrate is raised through the subphase. The substrate may 
therefore be placed in the subphase before the material is spread, or may be lowered 
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into the subphase through the compressed monolayer on the first downward stroke 
with no film transfer. Subsequently, a monolayer is deposited on each traversal of the 
substrate. The monolayers stack in a head-to-head and tail-to-tail configuration of the 
molecules: this deposition mode is referred to as Y type. Although Y -type layers are 
the most easily produced multilayer arrangement, situations in which a monolayer 
deposits only as the substrate is being inserted into the subphase (X-type) or only as 
the substrate is being removed (Z-type) have been reported. 
TTTTTTTTT 
TTTTTTTTT 
TTTTTTTTT t ............................ l 
···········--·-············· 
-----------------------·----
X· type 
~~~~~~~~~ 
··:::::::::::::::::::::::::::. r-···---·····················~~ 
y -type 
~~~~~~~~~ 
~~~~~~~~~ 
~~~~~~~~~ 
t···························1 •••..........••••........... 
-·-························· 
Z- type 
Figure 4.4 Structures of X, Y and Z type mulitlayers. 
Film deposition may usefully be characterised by transfer ratio, 't, given by 
Langmuir et al. [2] 
A 
'l'=-L xlOO 
ALB 
(4.1) 
where AL is the reduction in the area occupied by the monolayer on the water surface 
and ALB is the area of the solid substrate. Transfer ratios significantly outside the 
range 0.95 to 1.05 suggest poor film homogeneity. 
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Surface Pressure Measurement 
The presence of a monomolecular ftlm on a liquid surface will affect the 
surface tension. In monolayer experiments it is normal to refer to a measurement of 
surface pressure. This pressure 1t is equal to the reduction of the pure liquid surface 
tension by the film, i.e. 
n=ro -r (4.2) 
where 'Yo is the surface tension of the pure liquid and y is the surface tension of the 
ftlm covering the surface. Values of 1t of the order of mN m-1 are generally 
encountered in monolayer studies on a water surface. The most common method for 
monitoring the surface pressure is the Wilhelmy plate. An absolute measurement of 1t 
is made by suspending a plate from a sensitive balance in the monolayer. Figure 4.5 
shows the experimental arrangement. The forces acting on the plate are due to gravity 
and surface tension downwards and buoyancy, due to displaced water, upwards. 
to microbalance: 
' ' 
1 
h 
--' <- --'0-
w M 
(a) (b) 
Figure 4.5 A Wilhelmy plate: (a) front view, (b) side view. 
For a rectangular plate of dimensions 1, w and t and of material of density Pw 
immersed to a depth h in a liquid of density pL, the net downward force F is given by 
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F = Pwglwt + 2y(t + w)cose- PLgtwh (4.3) 
where 8 is the contact angle on the solid plate and g is the gravitational constant. For 
a completely wetted plate (i.e. 8 = 0), and if the thickness (t) of the sensor is very 
much smaller than the width (w), the change in force due to a change in surface 
tension is given by 
M ~r=-2w 
Experimental Details 
(4.4) 
The deposition of LB f:tlms was undertaken using troughs designed and built in 
Durham and housed in a class 10,000 microelectronics clean room. The trough used 
in this work is shown in Figure 4.6. The barrier, which was made from glass fibre 
coated with polytetrafluoroethylene (PTFE), was supported by six PTFE rollers. Two 
of these rollers were fixed and the other four attached to movable metal arms driven 
by a variable speed d.c. motor. 
The subphase was ultra-pure water which was very carefully purified by pre-
filtering, reverse osmosis, carbon filtration, two stages of de-ionisation, UV 
sterilisation and 0.2 j..lm particulate filtration. Water quality was monitored using an 
Anatel Total Organic Carbon (TOC) analyser which indicated a resistivity of > 17.5 
MO em and TOC content of< 5 ppb. 
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~Setpressuxe 
Electro llabmce 
(a) 
dipper motor 
(b) 
Figure 6. (a) Schematic diagram of the feedback system used to allow the control of 
monolayer surface pressure. (b) A photograph of the Langmuir trough used in this 
research. 
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The surface pressure was monitored by means of a Wilhelmy plate, which 
consisted of a piece of chromatography paper (3 em long and 1 em wide). This was 
partially immersed in the subphase and linked to microbalance by a thread. Changes in 
the force on the plate due to variations in surface tension were transmitted to the 
balance and converted to an electrical signal. This was used, via a feedback loop, to 
adjust the area enclosed by the barrier and hence control the surface pressure during 
film deposition. A desired surface pressure could be selected on the control box, the 
electronics would then close the barriers to achieve the set pressure and the feedback 
system would maintain it. 
The trough was cleaned with Analar grade propan-2-ol and rinsed with ultra-
pure water. The water surface was judged to be clean when the barriers could be 
compressed and the surface pressure changed by less than 0.5 mN m-1• The substrate 
was clamped into a suitable holder which was mounted onto the dipping head. The 
speed of the dipping was adjusted by means of the potentiometers on the control 
electronics. 
The surface pressure was zeroed and the solution of material (dissolved in 
chloroform) was dispensed, using a micro-syringe, by dropping it onto the water 
surface. The chloroform was allowed to evaporate for a few minutes and then the ftlm 
could be compressed to the set point pressure. The trough area and surface pressure 
against time were recorded using a Y-t chart recorder. The 1t-A isotherm was 
recorded with an X-Y recorder. Isotherms were measured at a compression rate of 
3_8 cm2 sec-1• The plot obtained was examined and used to select a suitable pressure 
for ftlm deposition, usually on the steepest part of the isotherm. Films were 
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transferred from a pure water subphase at a temperature of 18 ± 2 °C and pH of 5.8 ± 
0.2. The dipping pressure and speed were dependent on the materials used. 
The substrates were selected depending on the specific application. Quartz 
was used for UV-Vis. absorption spectroscopy and the PL spectroscopy. To fabricate 
an EL device, ITO glass was used as the bottom electrode. 
4.2.2 Thermal Evaporation 
This method has been used extensively to deposit films of inorganic materials, 
such as metals and their corresponding alloys. However, the technique is now being 
used for the formation of layers of low-molecular weight organic compounds. The 
rate of evaporation G from a surface at temperature T is given by the Langmuir 
expression [3], as follows 
G=p(~)lt2 
2nRT 
(4.5) 
where p is the vapour pressure of the material at temperature T, M is the molecular 
weight and R is the gas constant. In the vapour phase, the molecules travel at high 
velocities making frequent collisions with others in the vacuum system. The average 
distance a molecule will travel before colliding with another is called the mean-free 
path, "A. For a straight line path between the evaporating material (source) and the 
substrate, it is necessary to use low pressures ( < 10-6 mbar), where the mean free path 
of the gas atoms is much greater, leading to straight line propagation of evaporant. 
This makes it possible to reproduce fmely defmed patterns by the introduction of a 
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shadow mask between the source and substrate. The low pressure also prevents 
contamination of the source material by oxidation and other impurities. 
The deposition of thin films by thermal evaporation consists of several 
distinguishable steps: (I) creation of vapour phase species; (II) material transport from 
the source to the substrate in the vapour phase; and (ill) condensation and film 
growth on the substrate. The microstructure of an evaporated thin film depends on the 
evaporation rate, substrate temperature and the chemical and physical nature of the 
substrate surface. The physical nature of evaporated films can be changed by post-
deposition heat treatment (annealing). This is usually associated with a change in the 
crystallinity of the film. 
Experimental Details 
In all vacuum deposition techniques, it is essential that the gaseous species 
travel in a straight line from the source to the substrate. The mean free path without 
any collision with other particles depends on the vacuum state. For pressures down to 
10-5 mbar, A. is so large that molecules effectively collide only with the target 
substrate. The thermal evaporator is composed of two parts: the pumping system 
which determines the ultimate pressure and the vacuum chamber in which evaporation 
takes place, as shown in figure 4.7. 
A high vacuum (10-3 - 10-6 mbar) can be achieved by two stages of pumping. 
For roughing the chamber down to -10-2 mbar, an Edwards 2M8 rotary pump was 
used. Following this, an Edwards E04K diffusion pump with Duravak Silicone 74 oil 
was used, allowing the pump to reach an ultimate pressure of -10-6 mbar. 
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Figure 4.7 A photograph of thermal organic evaporator. 
The vacuum chamber is the most of important part of a vacuum system in 
which molecules were evaporated onto target substrate. Resistive heating was used 
to provide the vapour. Several evaporation sources are commercially available to suit 
the needs of a particular material. These include filaments, boats and crucibles of 
different shapes, sizes and materials. For this work, organic materials were placed 
inside a glass crucible which was surrounded by a filament heat source. To monitor 
the temperature of the powder in the crucible during the evaporation, a thermocouple 
was inserted into the cavity of crucible. The thermocouple was connected to a CAL 
9900 temperature controller to maintain uniform evaporation temperature. The film 
thickness and the evaporation rate were monitored by an Edwards film thickness 
monitor (FTM7). 
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4.2.3 Spin-Coating 
Spin-coating is exploited extensively by the microelectronics industry for 
depositing layers of photoresist, generally polyimides, onto silicon wafers [4]. A 
quantity of a polymer solution is frrst placed on the semiconductor wafer, which is 
then rotated at a fixed speed of several thousand rpm (or the solution can be applied 
while the substrate is slowly rotating). The resist solution flows radially outwards, 
thus reducing the fluid layer thickness. Evaporation of the solvent results in a film of 
uniform thickness. A simple theory predicts the following relationship between the 
thickness of the spun film, d, the viscosity coefficient of the solution, 11, its density, p, 
the angular velocity of the spinning, m, and the spinning time, t [ 4] 
d = ( 11 )1/2 t-112 
4npm 2 
(4.6) 
This equation works reasonably well for practical concentrations of spinning 
solution. However, very dilute solutions often lead to pinholes in the fmal film and to 
a disordered film. A more ordered film may be achieved by a post-deposition 
treatment, such as thermal annealing or using an electric field normal to the film plane 
[5]. 
Experimental Details 
The thickness of the spun film is dependent on the viscosity coefficient of the 
solution, the angular velocity of the spinning and the spinning time. In this project, the 
solution was dropped on top of the ITO patterned glass or quartz before spinning. 
MEH-PPV solution (6.6 mg rnl-1) in a solvent of 50% chloroform and 50% p-xylene 
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was judged to have the appropriate viscosity. At first, a low spin speed (800-1 000 
rpm) was used to spread the solution evenly on the substrate for 3 seconds and 
afterwards, the film thickness was reduced to the required thickness for 30 seconds 
with a high spin speed (2600-2800 rpm). The high spin speed was adjusted by 
calibrating the film thicknesses against the speed. During the spinning, the substrate 
was fixed to the substrate holder which had holes connected to a rotary pump vacuum 
system. The thickness and roughness of film was measured physically with a stylus 
profllometer. 
4.3 Optical Characterisation 
4.3.1 Optical Microscopy 
The film morphology was first assessed using a Vickers optical microscope. 
This was used in reflection mode without polarisation. Objective lenses with 
magnification factors of 10, 20, 40 and 100 times were available. Optical micrographs 
were recorded using a 35 mm camera. The degradation of the organic LEOs, which 
were subjected to a constant current stress experiment, was also studied using this 
equipment. Photographs of the electroluminescence images of the LEOs were 
recorded using the camera in a dark room. The EL light projected through the ITO 
glass to the camera with an exposure time of two minutes. 
4.3.2 UV-Vis. Absorption Spectroscopy 
The optical absorption spectra of multilayer LB fllms or spun fllms deposited 
onto quartz were measured in the range of 200 - 800 nm in 1 nm steps with a scan 
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speed of 240 nm min-1 using a Perkin-Elmer Lambda 19 ultraviolet/visible/near-
infrared spectrophotometer. The baseline was first established by using two identical 
quartz plates. One of these was then used as a reference while the other was replaced 
by the sample. The intensity of light passing through an absorbing material is reduced 
according to the Beer-Lambert equation [6] 
I= 10 exp( -al) (4.6) 
where I is the measured intensity after passing through the material, Io is the initial 
intensity, a is the absorption coefficient and 1 is the path length. Equation 4.6 is often 
written as 
(4.7) 
where A is the absorbance of the sample and is given by A= (log10e)a1 = 0.43al. 
For an LB film, the absorbance is linearly dependent on the number of layers. 
Hence, by measuring the absorbance at a fixed wavelength, the reproducibility of the 
film deposition process could be ascertained. 
4.3.3 Photoluminescence Spectroscopy 
Fluorescence spectra were obtained using a Perkin Elmer LS-50B 
Luminescence spectrometer. The light source was a Xenon flash tube, which 
produced an intense, short duration pulse of radiation with a width at half the 
maximum intensity of less than 10 J.lS. The exciting light, at a specific wavelength, was 
focused onto the sample and light emitted from it was focused onto the entrance slit 
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of the emission monochrometor, and measured with a photomultiplier tube (PMT), 
Hanamatsu R928 model. When operating in the fluorescence mode, the signal was 
integrated over 80 ~s to collect all the light emitted from the sample, for each 
wavelength studied. 
The ranges of the excitation and the emission monochrometer were 200 - 800 
run and 200- 900 run, respectively. The excitation slits, 2.5 - 15 nm, and the emission 
slits, 2.5 - 20 run, could be varied. Widening the slits produced more incident light but 
reduced the spectral resolution of the instrument. The scanning speed could be 
selected from 10 - 1500 run min-1. All the films were deposited on quartz plates which 
were fixed to a sample holder specially designed for the plate type samples. 
4.3.4 Scanning Electron Microscopy 
Scanning electron microscopy was undertaken using a Cambridge Instruments 
Stereoscan 600 system. The electron beam accelerating voltage was variable and 
could be set at 1.5, 7, 15, or 25 kV. The system offered a wide range of 
magnification, from 20 to 100,000. Highly insulating samples become electrically 
charged under the electron beam and produced unstable images. Such samples were 
therefore coated with a 1 nm thick layer of gold, produced by glow discharge using a 
Polaron Instrument SEM coating unit, to obtain a conductive surface. 
4.3.5 Electron Probe Microanalysis 
Material characterisation was undertaken using an electron microprobe (EMP) 
to excite X-rays characteristic of the elements present in the sample under 
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investigation [7]. This makes use of the electron beam, focusing lenses and deflection 
coils of the scanning electron microscope, with the addition of an X-ray detector. 
Such an energy-dispersive spectrometer (EDS) is useful for rapid sample analysis and 
has the ability to analyse all energies simultaneously. The detector can be positioned 
very close to the sample resulting in high detection efficiency. A Link Systems 860 
Series 2 EDS fitted to the Cambridge Instruments Stereoscan 600 SEM was used. X-
rays emitted from the sample passed through a thin window onto a liquid nitrogen 
cooled reverse biased Si(Li) detector. The charge pulses (generated by X-rays 
absorbed by the detector) were converted to voltage pulses which were then amplified 
and passed to a multi-channel analyser (MCA), where the data were displayed as a 
histogram of intensity versus electron voltage. The software of the analyser allowed 
for the peak identification or quantification of the components in the sample. 
4.3.6 Electroluminescence Spectroscopy 
Electroluminescence spectra were measured while the LED was held at a 
constant voltage or current by using a Ocean Optics USB 2000 miniature fibre optic 
spectrometer, which is responsive from 200 nm to 1100 nm. This is composed of 
2048-element linear CCD (charge-coupled device) array detector. A CCD is an array 
comprised of many thousands of microscopically small light sensitive elements. One 
or more of these are considered to represent a single point of light, or pixel. Light 
falling on a CCD causes a minute electrical charge, proportional to the brightness of 
the light, to be held within each element. The light emitted from the source was 
collected using an optical fibre and then focused onto a movable diffraction grating, 
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which spectrally split the collected light. The spectrum could then be measured by a 
CCD array. 
4.3. 7 Atomic Force Microscopy 
The ftlm topography was observed with a Topometrix Explorer Scanning 
Probe atomic force microscope (AFM) using a ShN4 cantilever in contact mode, and 
a scan area of 5 x 5 11m. Figure 4.8 shows the contact AFM mode. 
LASER 
PHOTOOETECTOR 
"'~----~ 
~~ 
SAMPLE ~t;VECRATEO 
Figure 4.8 Atomic force microscope system (contact mode). 
The probe tip (which is mounted to the end of the cantilever) scans across the 
sample surface, coming into direct physical contact with the sample. As the probe tip 
scans, varying topographic features cause deflection of the tip and cantilever. A light 
beam from a small laser is bounced off the cantilever and reflected on to a 
photodetector. The amount of deflection of the cantilever or the force it applies to the 
sample can then be calculated from the difference in light intensity on the 
photodetector. 
Hooke's Law gives the relationship between the cantilever's motion, d, and 
the force required to generate the motion, F 
F=-kd (4.8) 
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Movement of less than one angstrom can be measured. 
4.4 Device Fabrication 
4.4.1 ITO Patterning 
For organic LEOs, ITO is almost exclusively used as the semitransparent 
electrode, due to its high surface conductivity and high optical transmission. The ITO 
used in the research was from the Samsung Co., with a sheet resistivity of 32 n 0"1• 
This was patterned into stripes (2 mm width) with a photoresist pen and, after drying, 
the exposed ITO was etched using zinc powder mixed with 50 % diluted hydrochloric 
acid. The photoresist was removed using acetone and the patterned ITO glass was 
rinsed using deionised water. After patterning, the resistance between stripes was 
checked to make sure that ITO electrodes were isolated from each other. The 
substrates were then cleaned by sonication in deionised water, acetone and propan-2-
ol for 30 minutes each and finally dried with a nitrogen gun. This cleaning procedure 
was crucial to obtain high quality f1lms free from pin-holes. 
4.4.2 Deposition of the Organic Layer 
Organic LEOs were fabricated by depositing films onto ITO patterned glass 
substrates. The organic films were prepared by the LB technique, spin-coating and 
thermal evaporation. Multilayer deposition using different techniques, such as a spin-
coated f1lm onto an LB films or a thermally evaporated film onto a spin-coated film, 
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was also used. When spinning onto an organic film, a careful choice of solvent was 
necessary so as not to dissolve the underlying layer. 
4.4.3 Metal Evaporation 
The device structure was completed by vacuum evaporation of metal stripes ( 1 
mm width) onto the ftlm at a pressure of around 1 o-6 mbar through a shadow mask. 
Electrodes with thickness of around 150 nm were evaporated onto the organic layer 
and the film thickness was monitored by a quartz crystal sensor during evaporation. 
An evaporated aluminium electrode was used as the cathode in most devices. 
Electrodes with a low work function, such as calcium and magnesium, were partially 
protected from the effects of oxidation by the subsequent evaporation of an 
aluminium capping layer. Before evaporating the cathode electrode, all LB films were 
placed for 12 hours in a high vacuum of 1 o-6 mbar to remove any moisture. The active 
area of LEDs was 2 mm2, defmed by the overlap of the ITO stripe and cathode 
electrode. Organic LEDs were stored in a vacuum chamber (- 10-1 mbar) to minimise 
device degradation [8,9]. The fmal device structure is shown in Figure 4.9. 
Patterned ITO 
Figure 4.9 The structure of an organic LED device. 
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4. 5 LED Characteristics 
A diagram of the equipment used for the investigation of the LED 
characteristics is shown in figure 4.1 0. 
Gold ball probes 
Vacuum port 
Electrical connections 
Figure 4.10 Sample chamber for electrical and light output measurements. 
The current and light output from the LEDs were measured simultaneously 
under vacuum (-10-1 mbar) in an electrically screened chamber. Biases were supplied 
by a Keithley 2400 source using a linear staircase step of 0.5 V with a 1.5 s delay 
between measurements. The LEOs were mounted over a large area silicon photodiode 
(standard RS photodiode, 100 mm2). The photocurrents generated were recorded 
using a Keithley 485 digital picoammeter. Operation was controlled by a computer 
and the device current and photocurrent from the photodiode at all voltages were 
recorded. For the external quantum efficiency measurements, the light power was 
calculated with conversion factor of 0.32 amp wau·• at 590 nm, corresponding to the 
electroluminescence peak of MEH-PPV [10]. Not all the light from the LED (e.g. 
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wave guided light) was collected by the photodiode and hence the external quantum 
efficiencies quoted in this research are lower limits. 
The current versus voltage characteristics were found to be strongly 
dependent on the bias scan history of device [ 11]. For example, an irreproducible and 
spiky behaviour was recorded during the first scan. All curves shown in this thesis 
(unless otherwise mentioned) are scans taken after reproducible characteristics had 
been obtained. 
4.6 A.c. Impedance Spectroscopy 
A.c impedance spectroscopy is a powerful tool to study relaxation in organic 
and inorganic materials, both in solution and in the solid state. This allows the 
investigation of the capacitance versus voltage for polymer LEDs [12], the interface 
characteristics of the polymer/ Al junction [ 13], i.e. depletion regions, and the 
corresponding doping or trap concentrations. The complex a.c. impedance, Z, is 
expressed as 
Z = Z' -jZ" (4.9) 
where Z' is the real part and Z" is the imaginary part of the impedance. 
Impedance spectroscopy measurements were performed with a Hewlett Packard 
4192 Impedance Analyser. Impedance spectra were taken by measuring the 
capacitance and conductance of the devices under various applied d.c. biases with the 
frequency of the a.c. modulation voltage (70 mV r.m.s.) taking 51 points, 
logarithmically spaced in the frequency range from 5 Hz to 13 MHz. The real and 
imaginary parts of the impedance were then plotted in the complex plane (Cole-Cole 
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plot). The device could then be modelled by an equivalent circuit consisting of several 
'layers' connected in series, each layer consisting of a resistance in parallel with a 
capacitance. 
4.7 Low Temperature Conductivity 
To investigate temperature induced variations in the 1-V characteristics of 
samples, an Oxford Instruments DN704 liguid nitrogen exchange gas cryostat was 
used (Figure 4.11). 
Sample space exchange 
gus port -----, 
10 pin instrtune.ntation----. 
port 
Sample spOC<Oi over-
prt!:iSur~ reli~f val\·e 
Evm;ualion por1 
I for outer vacmun 
Cbambcr) 
Heat exchanger 
with heater and 
temperature sensor 
Figure 4.11 Schematic diagram of the liquid nitrogen cryostat. 
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A liquid nitrogen (boiling point = 77 K) reservoir was surrounded by an 
evacuated chamber, forming the upper part of the sample chamber. The sample was 
cooled by allowing a flow of liquid nitrogen from the reservoir to the copper heat 
exchanger. Nitrogen gas leaving the heat exchange block could exit from the cryostat 
through an exhaust valve in the top plate. A vacuum system consisting of a rotary 
vane backing pump and an oil vapour diffusion pump was used to evacuate the 
chamber. A small device (2 mm x lmm) was held in position on the sample holder and 
electrical contacts to the electrodes were carefully made using silver paint. After 
insertion of the sample, the tube was evacuated and flushed out with helium gas to 
ensure removal of any water vapour before closing off. 
A heating coil and temperature sensor connected to an Oxford Instruments 
DCT-2 precision temperature controller allowed control of the temperature (77 - 300 
± 2 K). Temperature variation was achieved by balancing the heat input against the 
cooling power available, which could be regulated by opening and closing the exhaust 
valve. After allowing the temperature to stabilise, biases were applied by a Keithley 
2400 source using a linear step of 0.5 V with a 1 s delay between measurements. 
4.8 Surface Profilometer 
The stylus profilometer is a mechanical instrument which has been used to 
measure film thickness. In this technique, a stylus is moved slowly across the surface 
of the sample under test. The upward force on the stylus varies with the height of the 
surface and therefore a graph of the pressure, measured electronically, against stylus 
position provides a profile of the surface which can be calibrated to give height 
measurement. For the measurement of the organic film thickness, a step is first 
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created by carefully wiping away a portion of film using a suitable solvent. To prevent 
the stylus from penetrating the film surface, a layer of aluminium of 150 run thick was 
deposited over the step. The stylus proftlometer used was a Tencor Instruments 
Alpha-step 200. A stylus force of 8 mg was used together with 40 ~m sec·1 scanning 
speed. 
The value of surface roughness (Ra) is useful to qualify the uniformity of ftlm. 
The arithmetic average surface roughness is determined using the graphical-centreline 
method. Figure 4.12 shows the principle of measurement of surface roughness. 
Centre line (Y) ---
Position ofMeasm-ement Cursors 
Figure 4.11 Measurement of ftlm roughness. 
R Jyll +IY2I +IY31 +· · · · ·+IYnl 
a 
(4.10) 
n 
Where, Yt. y2,-···, Yn are the deviations from the centreline and n is the number of 
points between the measurement cursors. 
4.9 Summary 
Three different methods for the preparation of organic thin ftlms have been 
discussed: the LB technique, thermal evaporation and spinning. Optical 
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characterisation of the films usmg UV-Vis. spectroscopy, microscopy, scanning 
electron microscopy and energy dispersive spectroscopy have been described. The 
measurement of photoluminescence and electro luminescence were also explained. The 
fabrication of organic LEOs was detailed and the equipment for the measurement of 
current-voltage and light output was described. The thickness and roughness of film 
were determined by the surface proftlometer and atomic force microscopy. Finally, the 
technique of a.c. impedance spectroscopy and low temperature conductivity were 
outlined. 
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Chapter 5. 
MEH-PPV Devices Prepared Usina the langmuur-
Biodgett Technique 
5.1 Introduction 
The thin organic layers needed for LED devices can usually be produced by 
the spin coating for polymers and by thermal evaporation for dyes and low molecular 
weight materials. The Langmuir-Blodgett technique [1,2] and layer-by-layer self-
assembly [3] have also been used to provide multilayer LED structures with 
accurately defmed thicknesses. 
In this chapter, the LB film deposition conditions and characteristics of poly(2-
methoxy-5-(2'-ethylhexyloxy)-p-phenylenevinylene) (MEH-PPV) are discussed. LED 
devices have been made using these fllms and their current versus voltage 
characteristics are described. The experimental data are fitted using Schottky barrier, 
Fowler-Nordheim and space charge limited (SCL) current models. A.c. impedance 
results and low temperature d.c. electrical characteristics are presented. The effect of 
replacing the Al top electrode with a Ca electrode is also studied. 
5.2 LB film Deposition and Characterisation 
5.2.1 Material 
MEH-PPV is a particularly attractive material for LED fabrication due to its 
solubility in common organic solvents. This material can be used as both the emitting 
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layer and the hole transporting layer in light emitting devices. MEH-PPV was 
obtained from Aventis (formerly Hoechst) and its structure is shown in Figure 5.1. 
The molecular weight is of the order of 30,000. This polymer contains an alternating 
system of single and double bonds. Due to this, n-electrons are de localised along the 
polymer backbone. Each repeat unit consists of phenylene and vinylene moieties. The 
geometry and the molecular length were obtained when the repeat unit had the lowest 
molecular energy by using the Hyper MM+ programme. 
0 
0.7nm 
0 
I n 
(a) (b) 
0.4 run 
1.5 run 
(c) 
Figure 5.1 (a) Molecular structure ofMEH-PPV, (b) top view and (c) side view. The 
geometry was optimised using HyperMM+. 
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5.2.2 Surface Pressure versus Area Isotherm and LB Deposition 
MEH-PPV was dissolved in chloroform to a concentration of 0.35 mg ml-1 
and sonicated for 1 hour for better dissolution of the high molecular weight 
components. 250 jll of this solution was distributed onto a pure water subphase using 
a rnicrosyringe. The formation of reddish islands was visible on the subphase during 
spreading of the MEH-PPV solution. After allowing 15 minutes for evaporation ofthe 
chloroform, the layer was compressed at a speed of 1.9xl0-3 nm2 molecule-1 sec-1. The 
resulting surface pressure (1t) versus area (A) isotherm measured at 18 oc and a pH of 
5.2-5.6 has some interesting features, as shown in Figure 5.2. 
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Figure 5.21t-A isotherm ofMEH-PPV with a compression speed of 1.9xl0-3 nm2 
molecule-1 sec-1. 
A 'condensed' reg10n is evident below 16 mN m-1• Further compression 
reveals a 'collapse' of the layer, where the surface pressure rises slowly. Upon 
opening the barrier, more reddish islands were evident floating on the water surface. 
On the second compression of the layer, the 1t-A curve was shifted to a smaller 
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molecular area. This behaviour could be explained by the irreversible aggregation of 
polymer chains or a slight solubility in the water subphase. Further compression 
curves were nearly the same as the second one (the time to complete a full isotherm 
measurement was- 2 mins). 
The above features are common in the isotherms of polymeric compounds. 
Aramata et al. [3] compared the 1t-A isotherms of a porphyrin monomer and polymer 
and reported irreversible behaviour in the polymer layer due to the aggregation of the 
polymer chains, in contrast to the monomer layer. In general, polymeric materials 
have a greater structural variation on the subphase surface than simple molecules due 
to the flexibility of their backbone chains. 
The area per repeat unit extrapolated to zero surface pressure (first 
compression) is about 0.28 nm2 which coincides with the area of the smallest face of 
the molecule in Figure 5.1 (treating the molecule as a rectangular box, 0.7 nm x 0.4 
nm x 1.5 nm). The smaller area per repeat unit obtained from the second compression 
and subsequent compressions indicated that the monolayer probably collapsed to form 
a multilayer on the water surface. 
The monolayer area subjected to constant surface pressure of 15 mN m-1 
(before collapse) over a long period (several hours) decreased. This instability of the 
monolayer is possibly caused by the short side chain length. Materials with short alkyl 
side group were reported to have an inadequate hydrophobic/hydrophilic balance and 
dissolve into the subphase [4]. 
LB film deposition was undertaken onto solid substrates at two constant 
surface pressures: 15 mN m-1 (before the transition) and 17 mN m-1 (after the 
transition). At 15 mN m-1, no deposition onto ITO glass was recorded whilst at 17 
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mN m-1, an orange coloured ftlm could be built-up at a dipping speed of 3 mm min-1. 
The area per the repeat unit was 0.2 nm2 at this surface pressure. This is smaller than 
the calculated value (0.28 nm2) from molecular modelling, suggesting that the floating 
film is more than one monolayer in thickness. 
The area of the floating layers at a surface pressure of 17 mN m-1 also 
decreased gradually with time. If the layer was left for a long time before dipping, e.g. 
2 hours, the polymer ftlm became so rigid that any attempt to immerse a substrate 
simply led to the formation of a hole in the layer. For this reason, deposition was 
started after allowing stabilisation of the floating layer for around 15 minutes. For the 
ftrst few cycles, the deposition mode was Z-type but then changed to Y -type with a 
transfer ratio of 0.95 ± 0.03. A dipping record at 17 mN m-1 is shown in Figure 5.3. 
At surface pressures higher than 17 mN m-1, the polymer layer became too rigid to 
deposit. 
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Figure 5.3 Surface area versus time chart during the LB deposition of MEH-PPV. 
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5.2.3 LB film Characterisation 
UV-Vis. Absorption spectroscopy 
Figure 5.4 shows the UV-Vis. absorption spectra of MEH-PPV LB ftlms of 
different thicknesses deposited onto quartz. The spectra have main peaks at 360 nm, 
400 nm and 500 nm. This spectral shape is somewhat different to that of MEH-PPV 
spun ftlms which have a broad absorption band at 500 nm and a small peak at 360 nm 
[5]. The absorption spectrum of the MEH-PPV spun ftlm is dependent on the 
concentration of the polymer solution and the choice of solvent. These factors affect 
the degree of interchain interaction and aggregation [5]. The absorption peak at 500 
nm is attributed to the 1t-1t* electronic transition [6]. A plot of the absorption intensity 
at 500 nm versus the number of LB layers is inset in Figure 5.4. The approximately 
linear dependence suggests reproducible LB deposition. 
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Figure 5.4 UV-Vis. spectra ofMEH-PPV LB ftlms (20, 30, 40,50 cycles). The linear 
dependence of the absorption at 500 nm on the number of dipping cycles is shown 
inset. 
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Film Thickness Measurement 
LB films with different thicknesses (40, 55, 70, 80 cycles) were deposited and 
the film thicknesses were measured using a stylus profllometer. A plot of thickness 
versus the number of LB layers is shown in Figure 5.5. The data points lie on a 
straight line, again confirming the reproducible nature of monolayer transfer onto the 
substrate. The average thickness of one LB layer ofMEH-PPV is 2.3 ± 0.2 nm, which 
is greater than the longest dimension of the molecule, Figure 5 .1. This result suggests 
that more than one layer was deposited onto the substrate during each dipping stroke. 
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Figure 5.5 The thickness ofMEH-PPV LB fllms with different numbers oflayers. 
The error in the film thickness (evaluated for - 10 measurements from 
different samples with the same number of deposition cycles) increases with increasing 
number of dipping cycles. The origin of this variation may be ascribed to the uneven 
packing of the collapsed layer as shown in Figure 5.2. The floating layer is not a 
perfect bilayer configuration (some parts remain as a monolayer). This can be judged 
by the area per repeat unit of the mulilayer which is not exactly one half of that 
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deduced from the 'condensed' phase. Films deposited from this floating layer would 
result in an uneven LB film thickness. 
5.3. Current-Voltage Characteristics 
MEH-PPV LB films with different thickness (40, 55 and 70 cycles) were 
deposited onto ITO glass and a metal top electrode (Al) was then evaporated on to 
the polymer film. The film thicknesses were 196 run, 259 run and 308 run for 40, 50 
and 70 LB cycles, respectively. In forward bias, the ITO electrode was the anode. The 
current (I) against voltage (V) characteristics of these devices are shown in Figure 
5.6. 
For a constant forward voltage, the device currents decrease as the LB film 
thickness is increased, indicating bulk controlled current flow through the devices. 
Reducing the film thickness also lowers the device operating voltage. In the following 
section, the I-V data shown in Figure 5.6 are fitted with several physical models to 
elucidate the conduction mechanisms in the LEOs. 
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Figure 5.6 Thickness dependence of the I-V characteristics for ITO/MEH-PPV (40, 
55, 70 cycles)/Al devices. 
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5.3.1 Schottky Barrier 
The current (log) versus voltage (linear) plot for Schottky analysis is shown in 
Figure 5. 7. Typical I-V characteristics of devices with a Schottky barrier at the 
interface with an electrode show an exponential current rise (Shockley formula, 
Equation 3.1) of 5-6 orders of magnitude within 1 V (normally between 1 and 2 V). 
However, the currents between 1 and 2 V of our devices only increase by 
approximately one order of magnitude. Also, the Shockley formula shows that the 1-V 
characteristics are independent of the thickness of the polymer layer. Karg et al. [7] 
demonstrated that the 1-V characteristics of PPV devices with different thickness (200 
and 800 nrn) were identical and independent of the ftlm thickness. In contrast, the 
currents in our devices are dependent on ftlm thickness, as shown in Figure 5.6. 
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--MEH-PPV(55) 
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---- MEH-PPV(70) 
0 5 10 15 20 25 30 35 
Voltage(V) 
Figure 5.7 Current (log) versus voltage (linear) plot for ITO/MEH-PPV(40, 55, 70 
cycles)/ Al devices 
The Cole-Cole plots obtained from a.c. impedance spectroscopy experiments 
can provide an insight into the electrical equivalent circuit of a device. Figure 5.8 
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shows the forward bias impedance (Z) results in the form of Cole-Cole plots (Im (Z) 
versus Re (Z)). In the graph, the frequency increases from right to left (5 Hz to 13 
MHz) around the semicircles. 
3x104 
a 
2x104 
N' 
i 
1 x1 ()4 
0----~----~----~~~--~~--~~~~~~ 
0.0 2.0x104 4.0x104 6.0x104 8.0x104 
Re(Z) [il] 
Figure 5.8 Cole-Cole plots for an ITO/MEH-PPV(55 cycles)/Al sample at various 
forward bias voltages. 
The data exhibit a series of semicircles, the diameters of which correspond to 
resistances. The resistance decreases with increasing forward bias. Close inspection 
(not evident from the scale of the figure) reveals that the high frequency intercept of 
the semicircle with the abscissa is about 100 .Q for all values of the applied forward 
voltage. This is the result of a small series resistance Rs associated with the ITO 
contact and lead resistances. 
This Cole-Cole plot is similar to those reported for other single layer LEDs 
based on spun MEH-PPV [8], PPV [9,10] and poly(6-hexyl-2,5-pyridinediyl) [11]. 
Our LEDs can be modelled by an equivalent circuit consisting of a parallel resistance 
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and capacitance combination (R1, C1) in series with a resistance Rs as shown in Figure 
5.9. 
Rs 
Ct 
Figure 5.9 Equivalent circuit of ITO/MEH-PPV(LB)/Al device. 
Karg et al. [12] and Sherbel et al. [13] reported two semicircles with 'thick' 
PPV devices which could be modelled by two parallel resistor-capacitor networks 
connected in series: one resulting from the Schottky barrier and the other from the 
nondepleted bulk polymer. The impedance of the depletion region rapidly decreased 
with increasing forward bias. However, the response of the bulk region was almost 
unaffected by bias. This showed that most of the electric fields were consumed within 
the depletion region governing the 1-V characteristics of the devices. 
However, the single semicircle of our device, which diameter decreases with 
applied bias, suggests that a depletion layer is absent and that the applied voltage is 
dropped across the bulk. 
5.3.2 Space Charge Limited Current 
Figure 5.10 shows the 1-V characteristics, on a log-log scale, for the MEH-
PPV devices whose electrical characteristics have previously been shown in Figure 
5.6. 
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Figure 5.10 Log-log graph showing the current against voltage characteristics for 
ITO/MEH-PPV(40,55,70 cycles)/Al devices. The inset shows the dependence of 
voltage on the square of the layer thickness at 1 rnA. 
Two regions can be seen in the figure: a low applied bias region with a small 
slope (prior to the onset of EL) and a high applied bias region with a larger slope 
(here, significant EL was measured). These are typical characteristics in organic LED 
devices [14]. The slope changes from 1.8-2.6 in the low applied voltage regime (SCL 
current, Equation 3.11) to 4.6-5.7 in the high applied voltage regime (TCL current, 
Equation 3.12). The different regions in the 1-V characteristics may be explained in 
terms of either a change in the field dependence of the mobility [15] and/or the 
movement of the Fermi level through different trap distributions in the polymer energy 
gap [16]. Stalling a et al. [ 17] and Campbell et al. [ 18] showed the existence of traps 
near the HOMO energy level in a spun MEH-PPV device. For the TCL model, 
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vm+1 
1 oc --, to be valid in high voltage region, the voltage should be roughly 
TCL d2m+1 
proportional to the square of the film thickness at a constant current. The inset in 
Figure 5.10 shows the linear dependence of voltage on the square of ftlm thickness at 
a current of l rnA within the TCL regime. 
The I-V characteristics of an ITO/MEH-PPV(55)/Al device were recorded 
over the temperature range from 80 K to 290 K and the data, in the form of a log-log 
plot, are shown in Figure 5.11. The results also show two distinct regions. The slopes 
of the curves at different temperatures are shown in Table 2. 
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Figure 5.11 Variation of the I-V characteristics with temperature for an ITO/MEH-
PPV(55 cycles)/Al sample. Inset: Variation of the trap distribution characteristic 
energy Et. 
In the low voltage region, the slope increases from 1.8 to 5.7 on cooling from 
290 K to 80 K and in the high voltage region, from 6.2 to 10.7 within the same 
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temperature range. In the low voltage region where no light emission can be 
measured, the increase of I with V is relatively small. However, the current in the high 
voltage region increases much more rapidly with applied bias. As the devices are 
cooled, the rate of change of I with V increases, whilst the current flow for a given 
voltage decreases over the whole bias range. For example, the current at 3 V 
decreases by nearly four orders of magnitude. However, the difference becomes small 
at high voltage such that there is one order of magnitude difference in current at 25 V. 
Temperature (K) Slope m + 1)_ 
Low Voltage High Voltage (Et ( e V)) 
80 5.7 10.7 (0.06) 
130 3.4 8.9 (0.08) 
180 2.9 8.0 (0.11) 
230 1.9 7.1 (0.12) 
290 1.8 6.2 (0.13) 
Table 2. Slopes of curves in Figure 5.11 in the low and high voltage region. The 
variable, m, is the power law exponent in Equation 3.12 and Et is the characteristic 
energy of the trap distribution. 
Within the TCL current region, the value of Et, the characteristic energy of 
trap distribution, is related to temperature and the power law exponent, m, by the 
equation, m=~ (Equation 3.13). The inset in Figure 5.11 shows the variation ofEt 
kT 
(within the TCL regime) with temperature. The calculated value of Et increases and 
becomes saturated with increasing temperature, 0.06 eV at 80 K and 0.13 eV at 290 
K. As the parameter Et is directly related to the energy location of the trap distribution 
in the forbidden energy gap, the lower value (i.e at 80 K) indicates traps distributed 
closer to the HOMO level of the MEH-PPV. 
101 
Chapter 5. MEH-PPV Devices Prepared Using the Langmuir-Blodgett Technique 
5.3.3 Fowler-Nordheim Tunnelling 
Fits to the Fowler-Nordheim (F-N) model for the 1-V characteristics of Figure 
5.6 are shown in Figure 5.12. For high electric field, all three curves lie on top of each 
other. The 1-V characteristics are controlled by majority carriers, which are 
determined by the smaller of the two triangular tunnelling barriers at the electrodes. In 
ITO/MEH-PPV/Al devices, the barrier to holes (0.2 eV) is much smaller than that to 
electrons (1.5 eV) [22]. 
~ 
..!3 
Ie-43 
le-44 
le-45 
le-46 
le-47 
Ie-48 
Ie-49 
Ie-50 
Ie-51 
---MEH-PPV(40) 
__._ MEH-PPV(55) 
-A- MEH-PPV(70) 
0.0 l.Oxi0-7 2.0xi0-7 3.0xiQ-7 4.0xi0-7 5.0xiQ-7 6.0xiQ-7 7.0xi0·7 
1/F (m!V) 
Figure 5.12 F-N plot for MEH-PPV devices with F-N fitting line. 
The high field data give a barrier for holes at the ITO/MEH-PPV interface by 
using Equation 3.9, slope k = 4W tfJb 312 , with a free electron mass (m\ 9.lxl0-31 
3h 
kg: 0.4 eV, 0.33 eV and 0.25 eV for the devices with 40, 55 and 70 LB layers, 
respectively. The tunnelling barrier height decreases with increasing film thickness. 
This barrier height is comparable with other devices based on spin-coated MEH-PPV 
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with various cathode electrodes, i.e. 0.2-0.3 eV [22], and 0.34 eV [23]. The 
theoretical value of the hole barrier is likely to change between samples depending on 
the Fermi level of the ITO which can vary significantly depending on preparation 
procedure [24,25] and the HOMO level of the MEH-PPV (4.9 eV [22], 5.3 eV 
[15,26]). 
The F-N model (Equation 3.8) cannot account for the temperature 
dependence and the thickness dependence of the current. The experimental data 
should coincide regardless of film thickness and temperature. Figure 5.12 shows that 
F-N plots for devices with different thicknesses coincide at high fields but deviate 
from the fitting line at low fields. The deviation from linearity at lower fields has been 
explained in terms of a thermionic emission contribution to the device current [27]. 
F-N plots of the 1-V characteristics of the ITO/MEH-PPV(55)/Al device at 
different temperatures are shown in Figure 5.13 and the variation of the calculated F-
N barrier with temperature insets. It is found that the barrier height varies with 
temperature, changing from 0.39 eV at 290 K to 0.47 eV at 80 K. The apparent 
increase of the barrier height at low temperature indicates that tunnelling is not 
actually the current limiting process. Lupton and Samuel [28] reported that the 
deviation of barrier height with temperature is due to thermionic emission, especially 
within the temperature region where the variation is strong, here 180 - 300 K. 
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Figure 5.13 F-N plots for an ITO/MEH-PPV(55 cycles)/Al device at various 
temperatures. Inset shows the variation of the F-N barrier height with temperature. 
In conclusion, the space charge limited current model with a trap distribution 
seems to provide the best description of the conduction mechanism of the devices 
based on MEH-PPV LB films over various thickness and temperature ranges. 
5.4 EL Characteristics 
5.4.1 Light Output 
The current and light output versus voltage curves for an ITO/MEH-PPV (50 
cycles, 210 nm)/Al device are shown in Figure 5.14 for both forward (+ve ITO) and 
reverse bias. The inset shows the same data on a log (current, light output)-linear 
(voltage) scale. 
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Figure 5.14 Current and light output versus voltage characteristics for an ITO/MEH-
PPV(50 cycles)/Al device. The inset shows the logarithm (current, light output) 
versus linear (Voltage) characteristics. 
Below 20 V, the devices display practically no rectifying behaviour. Above 20 
V, the current increases dramatically under forward bias whilst it becomes saturated 
and decreases at higher voltages under reverse bias. 
When a forward bias was applied to these devices, orange light emitted from 
the device could be seen in a dark room. The light output occurred above the tum-on 
voltage (8 V) under forward bias. However, a very faint emission was also seen at 
high voltages under reverse bias. The tum-on voltage (onset of light output) is related 
to the injection of electrons at the polymer/ Al electrode interface. The tum-on voltage 
under forward bias is 4 V lower than that in reverse bias. This phenomenon confmns 
that in forward bias the electron injection from the Al to the polymer LUMO level is 
much easier than from the ITO to the polymer LUMO level under reverse bias. This 
can be explained by the energy diagram in Figure 5.15 which shows that the energy 
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barrier for electron injection is 1.5 eV under forward bias and 1.9 eV under reverse 
bias. 
ITO MEH-PPV A1 
LUMO 
-2.8eV 
aE=-1.5eV 
-4.7eV (EF) -4.3eV (EF) 
!t aE = -0.2eV 
-4.9eV 
HOMO 
Figure 5.15 Potential energy diagram of an ITO/MEH-PPV/Al device. The HOMO 
and LUMO levels of MEH-PPV are obtained from reference [23]. 
Figure 5.16 shows plots of light output and external quantum efficiency 
against current density for the same device. The external quantum efficiency is 8x 10-3 
% at a current density of 13 rnA cm-2• This efficiency is comparable to that of single-
layer PPV LEDs with an Al contact [7 ,29]. The relationship between the light output 
and current density can be described by a power law strongly dependent on the charge 
injection conditions (3.4 below 1xl0-3 A cm-2 and 1.35 at higher current densities). 
The change of power at a certain current density has also been reported with several 
device structures by other workers [30]. 
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Figure 5.16 Light output and external quantum efficiency versus current density of the 
ITO/MEH-PPV(50 cycles)/ AI device. 
5.4.2 Ca Top Electrode 
To investigate the effect of changing the barrier height for electron injection, 
the Al top electrode was replaced by Ca. To prevent the atmospheric oxidation of the 
Ca, Al (300 run) was evaporated on top of the Ca (50 run) without breaking the 
vacuum. In order to eliminate effects due to different film thicknesses, Al and Cal Al 
devices were fabricated using the same MEH-PPV film. The current-voltage 
characteristics are compared in Figure 5.17. 
Over the entire voltage range the currents for the Ca devices are lower than 
those for the Al devices. The lower current of the Ca devices was surprising because 
of the lower work function of Ca (2.9 eV) compared to Al (4.3 eV). Karg et al. [7] 
have reported ITO/PPV/Metal (Ca, Al) devices showing a lower current density in the 
Ca device. The lower currents in the Ca device might be explained by a high Schottky 
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barrier for majority carriers (holes) formed between PPV and the Ca electrode as 
shown in Figure 3.10. 
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Figure 5.17 Comparison of the 1-V and light output-V characteristics of the MEH-
PPV(55 cycles) devices with Al and Ca/Al top electrodes. (open symbols: light 
output, full symbols: current) 
However, our a.c. impedance spectroscopy results show that there is no 
depletion region within the MEH-PPV layer. The above explanation based on a 
Schottky barrier is therefore not appropriate for our devices. An interfacial oxide layer 
beneath the Ca electrode is likely to form during thermal deposition of the Ca at a 
vacuum level (10-6 mbar) leading to a more complicated interface structure. 
By using Ultraviolet Photoemission Spectroscopy (UPS), Kiy et al. [31] 
reported that low work function metals such as Mg and Ca were oxidised in an ultra 
high vacuum (UHV) environment of 7x10-10 mbar. Furthermore, Birgerson et al. [32] 
showed that interactions between the Ca and polymer resulted in a 2 to 3 nm 
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thickness of interfacial oxide layer beneath the cathode electrode. An insulating layer 
such as CaO is found to improve the electron injection [33] and block the hole 
carriers resulting in more balanced carrier transport. The effect of an insulating layer 
will be further discussed in Chapter 6. The quantum efficiencies of our devices were 
1.2xl0-3 % for the Ca electrode device and 6x104 % for the structure with an A1 
electrode. 
5.4.3 PL and EL Spectra 
The electroluminescence (EL) and photoluminescence (PL) spectra for the 
MEH-PPV devices are shown in Figure 5.18. TheEL spectrum is similar to the PL 
spectrum (AEX: 420 nm) indicating that the same excited state (singlet exciton) can be 
produced either by recombination of the injected electrons and holes or by 
photoexcitation. The peak of EL (590 nm) is slightly blue-shifted compared to the 
peak of PL (598 nm). There is a shoulder at around 630 nm in both the PL and EL 
spectra. 
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Figure 5.18 Normalised PL and EL spectra for ITO/MEH-PPV(50 cycles)/ AI device. 
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The full width at half maximum (FWHM) of EL, 103 nm, is larger than that of 
PL, 82 nm. The emission zone is near the Al electrode because of low electron 
mobility and a higher electron injection barrier. At the polymer/ Al interface, Al atoms 
can migrate into the polymer and react with the carbon in the vinylene groups 
resulting in a shorter conjugation length of the polymer [34]. This could be an 
explanation for the blue shift of the EL spectra. Joule heating during operation is a 
further effect. This could also induce deformation and reduce the effective 
conjugation length [35,36]. 
5.5 Summary 
Y -type LB films of MEH-PPV were deposited at a surface pressure of 17 mN 
m-
1 
with a transfer ratio of 0.95 ± 0.03. The linear dependence of absorption intensity 
and thickness with the number of LB cycles confirmed the reproducibility of LB 
deposition. 
A.c. impedance spectroscopy showed that no depletion region exists in devices 
composed of MEH-PPV LB films suggesting that the Schottky barrier model is not 
applicable. The increase in the hole barrier height derived from the F-N tunnelling 
model at low temperature range indicates that this model does not fully explain the 
measured I versus V characteristics either. However, the I-V curves could be 
modelled by SCL current theory with a trap distribution, over a wide temperature and 
thickness range. 
The LB devices produced an orange light output under forward bias ( +ve, 
ITO). The external quantum efficiency was in the range of 104 %. The similarity of 
PL and EL spectra suggested that the same excited state (singlet exciton) was 
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responsible for emission in both cases. A device with a Ca top electrode showed a 
lower current and a higher external quantum efficiency than that of the device with a 
AI top electrode. 
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Chapter 6. 
Improvements in MEH-PPV lB Film Device 
Performance 
6.1 Introduction 
Following the reports on organic LEOs with conjugated polymers such as poly (p-
phenylenevinylene ), many attempts have been made to improve the external quantum 
efficiency and the lifetime. In this chapter, we record attempts to increase the performance 
of LEOs based on MEH-PPV LB films by several means. The incorporation of insulating 
arachidic acid (AA) LB layers is described in Section 6.2. Section 6.3 discusses the use of 
an electron transport polymer poly(6-hexylpyridine-2,5-diyl) (PHPY) between the 
emissive layer and the A1 top electrode. The effect of annealing the MEH-PPV LB films 
on the device lifetime is also detailed in Section 6.3. 
6.2 Incorporation of Insulating LB Layers 
6.2.1 Background 
One approach to increase the efficiency and brightness of organic LEOs is to 
modify the electrodes. By inserting an insulating layer such as CaO [1], Si02 [2] or LiF [3) 
beneath the cathode electrode, the electron injection is found to be enhanced. The anode 
electrode, usually indium-tin-oxide (ITO), can be treated (e.g. with an oxygen plasma [4]) 
to reduce the tum-on voltage. ITO/polyaniline [5] and ITO/poly(3,4-ethylene 
dioxythiophene) bilayer anodes [6) have also been shown to produce improved device 
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performance. Here, we describe attempts to insett arachidic acid (AA) layers between the 
electrodes and the MEH-PPV. 
6.2.2 Device Structures 
Arachidic acid (AA) was purchased from Sigma (Sigma grade). The AA 
monolayer was deposited at a surface pressure of 30 mN m-1 onto ITO patterned glass and 
MEH-PPV LB fllrns, with a transfer ratio of 0.85 (averaged for both the up and down 
strokes). 
ITO 
(a) 
ITO 
(b) 
Figure 6.1 Schematic diagrams of light emitting device structures used in this work: (a) 
ITO/AA/MEH-PPV/Al device; (b) ITO/MEH-PPV/AA/Al device. 
Various numbers of AA LB layers were deposited beneath (Figure 6.1 (a)) and 
above (Figure 6.1(b)) the MEH-PPV LB fllrn. Before evaporating the cathode electrode, 
all the samples were placed for 12 hours in a high vacuum of approximately 10-6 mbar to 
remove excess moisture. 
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6.2.3 Device Characteristics 
ITO/ AA/MEII-PPV I Al Devices 
Figure 6.2(a) compares the current versus voltage behaviour for devices in which 
different numbers of AA layers were sandwiched between the ITO and the MEH-PPV 
layer (i.e. device structure as shown schematically in Figure 6.l(a)). In Figure 6.2(b), the 
light output against applied voltage is plotted on a log-linear scale. 
For the reference ITO/MEH-PPV/Al device, the work function of the ITO is 
reasonably well matched to the HOMO level of the MEH-PPV (assuming that the offset 
between the ITO Fermi level and the HOMO level of MEH-PPV is approximately 0.2 eV, 
from Figure 5.15). Therefore, holes (majority carriers) are relatively easily transported 
across this interface and dominate the 1-V characteristics. In contrast, the light output from 
the LED device will be determined by the minority carrier injection at the MEH-PPV/Al 
interface. Figure 6.2 reveals that the effect of introducing the insulating AA layers between 
the ITO and the MEH-PPV is mainly to decrease the current at high biases and to increase 
the tum-on voltage for electrolurninescence. The insertion of AA LB films therefore acts 
as a hole blocking layer. Part of the applied voltage is dropped across this insulating layer 
at high forward bias so that a lower electric field is applied to the MEH-PPV layer. 
Therefore, a greater applied voltage is needed to maintain the electron injection from the 
AI electrode to the MEH-PPV layer. 
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Figure 6.2 (a) 1-V characteristics for ITO/AA(O, 2, 6, 8 cycles)/MEH-PPV(50 cycles)/Al 
devices containing different thicknesses of fatty acid. (b) The light output versus voltage 
curve on log-linear scale. The number of LB deposition cycles is shown for each device 
structure. 
Figure 6.3 shows a plot of the light output versus current density for the devices 
whose 1-V characteristics have been shown in Figure 6.2. All the data lie close to the same 
straight line indicating that no significant change in external quantum efficiency results 
from the incorporation of the AA film between the ITO cathode and the MEH-PPV layer. 
All the device quantum efficiencies were around 7xl04 % at a current density of 10-3 A 
cm-
2
. It should also be noted that the structures incorporating the AA layers between the 
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ITO and the MEH-PPV layer were electrically noisy in operation, giving a large scatter of 
data points. 
1()4 
1()3 
102 
10' 
0 IV 
10-5 104 1Q-3 
Slope: 1 
~- MEH-PPV(50) 
~ AA(2) I MEH-PPV(50) 
-I!.- AA(6) I MEH-PPV(50) 
-4--- AA(8) I MEH-PPV(50) 
JQ-2 
Current Density (A I cm2) 
10-1 
Figure 6.3 Log-log graph showing light output versus current density for ITO/AA(O, 2, 6, 
8 cycles)/MEH-PPV(50 cycles)/Al devices. 
ITO/MEH-PPV/AA/AI Devices 
Figure 6.4(a) shows the current versus voltage for ITO/MEH-PPV/AA/Al 
structures with different numbers of fatty acid layers. A decrease in cunent with 
increasing AA thickness is evident at forward biases. This result is consistent with the data 
published by Kim et al. for ITO/spin-coated MEH-PPV/poly(methyl methacrylate) LB 
film/ Al structures [7]. Here, insertion of the LB films resulted in a current decrease at all 
bias voltages. However, in our experiments the I-V characteristics were found to be very 
dependent on the AA film quality. In the case of a poor AA LB film (when no deposition 
was recorded during the downstrokes), the current increased with increasing AA ftlm 
thickness. We have considered the possibility that this increase of current with the fatty 
acid ftlm thickness may be the result of the removal of MEH-PPV during the AA LB 
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deposition. To investigate this possibility, we have monitored the optical absorption of an 
ITO/MEH-PPV structure as AA layers were progressively deposited on top. No evidence 
for the removal of the polymer was found. 
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Figure 6.4 (a) 1-V characteristics for ITO/MEH-PPV(40 cycles)/AA(O, 2, 4, 6, 8 
cycles)/ AI devices containing different thicknesses of fatty acid. (b) The light output versus 
voltage curve on log-linear scale. 
The graph of light output versus voltage for the same devices is shown in Figure 
6.4(b). For our devices, the tum-on voltage for EL decreases with increasing AA thickness 
up to 4 cycles of AA LB film and increases after this thickness. These tum-on voltages are 
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10.5 V for a pure MEH-PPV device, 6 V for the device containing 4 cycles of AA and 8 V 
for the device with 8 cycles of AA. The external quantum efficiency increases with 
increasing AA cycles as shown in Figure 6.5. The quantum efficiencies are 5.4x10-4 %, 
8.9x10-4 %, 1.3x10-3, 1.5x10·3 % and 1.7x10·3 % at a current density of 10 rnA cm·2 for 
devices with AA(O), AA(2), AA(4) AA(6) and AA(8), respectively. 
~ 
I ~ lE-4 ·· ······ ·· ············ ····· ··· · ·· ········ ························· ····· 
! 
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0.00 O.Dl 
-o-MEH-PPV(45) 
-<>-- MEH-PPV(45) I AA(2) 
-~>.--MEH-PPV(45) I AA(4) 
__.,_ MEH-PPV(45) I AA(6) 
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Current Density (A I cm2) 
O.D3 
Figure 6.5 Log-log graph showing light output versus current density for ITO/MEH-
PPV(40 cycles)/AA(O, 2, 4, 6, 8 cycles)/ AI 
The trends of quantum efficiency, emission intensity (normalised with that of the 
device with AA(O) at 10 rnA cm·2 and 32 V) and tum-on voltage with different AA LB 
cycles are shown in Figure 6.6. The quantum efficiency increases rapidly and tends to 
saturation with the number of AA LB cycles. However, the intensity of emission decreases 
after 4 cycles. The device with AA(4) has the highest light output over the entire voltage 
range (Figure 6.4(b)) and the lowest tum-on voltage. 
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Figure 6.6 The trend of quantum efficiency, emission intensity and turn-on voltage for 
the device with different AA LB cycles. 
6.2.4 Energy Band Model 
The schematic energy band diagram in Figure 6.7(a) represents the situation in 
forward bias for an ITO/MEH-PPV/Al device. The electron current injected from the Al is 
limited by a barrier of about 1.5 e V at the polymer/ Al interface. It is only at large applied 
biases, when electrons can overcome such a barrier, that the electron current becomes 
significant and EL can be observed. A significant difference for the devices incorporating 
the AA layers is that the Al Fermi level is no longer 'tied' to the energy band structure of 
the polymer (Figure 6.7(b)). 
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ITO MEH-PPV Al ITO MEH-PPV AA A1 
(a) (b) 
Figure 6.7 Potential energy diagrams for (a) ITO/MEH-PPV/Al structure and (b) 
ITO/MEH-PPV/AA/Al structure. In both cases a positive bias is applied to the ITO 
electrode. 
MEH-PPV is a hole transporting material. Therefore, holes can drift to the MEH-
PPV/AA interface and accumulate as a space charge, thereby increasing the internal built-
in field in the AA layers and thus modifying the barrier of electron injection. As the applied 
voltage is increased, some of this is dropped across the AA layer and consequently, a 
lower electric field is associated with the MEH-PPV layer, as shown in Figure 6.7(b). The 
Al Fermi level can move with respect to the LUMO level in the MEH-PPV aligning filled 
electron states in the metal with vacant states in the polymer. As long as the fatty acid layer 
is 'transparent' to electrons, the electrons can tunnel through this layer and recombine with 
the holes. 
The tum-on voltage for EL decreases up to 4 cycles. This is because the 
existing higher potential drop in the AA layer, due to more efficient confmement of 
holes with increasing the thickness, leads to better matching of the Al Fermi level with 
the polymer LUMO level. After 4 cycles this layer becomes an insulating layer. This 
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induces an increase in tum-on voltage for EL, in order to have an electron injection 
from Al. 
The precise mechanism of conduction through the arachidic acid film is still 
unclear because the optimum film thickness for tum-on voltage (8 layers of AA LB 
film) used in this work is too thick (21 nm) to support simple quantum mechanical 
tunnelling. However, Petty et al. [ 10] revealed that relatively thick AA LB films could 
support large currents in meta]/ ANinorganic semiconductor devices. From this point 
of view, the AA layer should preferably be called as a 'spacer' layer rather than an 
'insulating' layer. 
The dominant d.c. conduction processes in LB multilayer films of fatty acids are a 
matter of some debate; a number of different processes have been suggested [11]. For 
example, low electric field (<105 V m-1) conduction has been interpreted in terms of the 
hopping of charge carriers by thermally assisted tunnelling between planar distributions of 
localised states; these are assumed to occur at the interface between successive 
monolayers. It is possible that fortuitous alignment of such levels in the AA with the 
energy bands of MEH-PPV could provide a path for the increased electron current. 
In terms of external quantum efficiency, a relatively thick spacer layer is preferable 
because less holes flow to the Al electrode without recombination. Moreover, the presence 
of the fatty acid layer between the polymer and the top electrode will also separate the light 
emission zone from the metal. Some (or all) of the enhanced light output may result from 
the reduction in nonradiative quenching effects by the cathode electrode [9]. 
123 
Chapter 6. Improvement of MEH-PPV LB Film Device Performance 
6.3 Incorporation of an Electron Transporting Layer 
6.3.1 Background 
Electron and hole transporting layers can be sandwiched between the cathode and 
the emitting layer, and between the anode and the emitting layer, respectively, to increase 
the charge carrier injection from each electrode and hence improve the charge balance 
[ 12,13]. Poly(2-methoxy,5-(2' ethylhexyloxy)-p-phenylenevinylene) (MEH-PPV) and 
poly(6-hexyl-2,4 pyridinediyl) (PHPY) LB films have been used as the emissive layer and 
electron transporting layer, respectively, in this section. The electron transporting layer was 
deposited, using the LB technique, on top of the MEH-PPV LB film to make a dual-layer 
device (ITO/MEH-PPV/PHPY/Al). An alternate-layer device comprising of 30 cycles of 
MEH-PPV alternated with PHPY is also described. Both the dual-layer and alternate-layer 
devices are compared with the MEH-PPV single layer reference device in terms of 
external quantum efficiency. 
6.3.2 LB Deposition of PHPY 
The LB dipping conditions for MEH-PPV were the same as those noted in the 
previous chapter. PHPY was synthesised in the Durham Physics Department and its 
structure is shown in Figure 6.8. 
N 
n 
Figure 6.8 Molecular structure of poly (6-hexyl-2,5 pyridinediyl). 
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The molecular weight is of the order of 5,000. The PHPY layer was deposited 
using the conventional vertical LB technique. A dipping pressure of 30 mN m·1 was used. 
At this surface pressure, poor Y -type deposition was possible, with transfer ratios of 0.45 
± 0.03 for the downstrokes and 0.95 ± 0.03 for the upstrokes . Dual-layer systems were 
constructed by depositing PHPY on top of the MEH-PPV. For the alternate-layer 
structure, two LB layers (one LB cycle) of MEH-PPV were first deposited onto the ITO 
substrate; this was followed by two LB layers of PHPY. This deposition sequence was 
repeated using an alternate-layer LB trough. Figure 6.9 shows the structure of dual-layer 
and alternate-layer devices . 
PHPY 
(a) 
(b) 
Figure 6.9 Schematic structures of (a) MEH-PPV I PHPY dual-layer device and (b) 
device comprising MEH-PPV (1 LB cycle) alternated with PHPY (l LB cycle) 
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6.3.3 Dual-Layer Device characteristics 
Figure 6.10 contrasts the forward bias current versus voltage and light output 
versus voltage characteristics for the single layer and the dual-layer LEOs. The latter 
device consisted of 10 cycles of PHPY LB films deposited on top of 30 cycles of MEH-
PPV LB fJlms; the total organic fJlm thickness was 190 run. The reference device is based 
on MEH-PPV LB fJlms (50 cycles, 210 run). 
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--Current foc MEH-PPV(50) 
---.A.- Current foc MEH-PPV(30) I PHPY (10) 
--<>-Light output for MEH-PPV (50) t:. 
8.0x104 -t:.- Light output for MEH-PPV (30) I PHPY (10) It 20.0 
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Figure 6.10 Comparison of the current versus voltage and light output versus voltage 
characteristics for a single layer and a dual-layer structure. 
The forward currents measured for the two structures are similar. However, 
the light output for the dual-layer device is about one order of magnitude higher than 
for the single layer device, indicating a corresponding higher external quantum 
efficiency. The light output versus current density data for both devices are shown in 
Figure 6.11 (a) and the external quantum efficiency is plotted versus current density in 
Figure 6.11 (b). For high current density, the light output is approximately 
proportional to current density, resulting in a constant quantum efficiency. The 
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saturated external quantum efficiency is 7.5xl0-3 % for the dual-layer structure and 
5.7x10-4 % for the single layer structure. 
The tum-on voltage of light output for the dual-layer device is 4 V, which is 
approximately one half that of single layer device. This suggests that electrons can be 
injected at a lower voltage due to the lower energy barrier for electrons between the 
cathode and the PHPY LB film. This is illustrated in the energy diagram, Figure 6.12, 
which shows the energy barrier for electron injection is 0.9 eV in the dual-layer device 
and 1.5 eV in the single layer device. For the purpose of this diagram, the energy 
bands for PHPY are assumed to be similar to those ofpoly(2,5-pyridinediyl) [14,15]. 
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Figure 6.11 (a) Light output and (b) external quantum efficiency versus current density 
characteristics for a MEH-PPV single layer device and a MEH-PPV/PHPY dual-layer 
device. 
The higher external quantum efficiency for the dual-layer device can be explained 
by considering the charge transpmt characteristics and energy band structures of the two 
organic materials. Pyridine-based polymers are well known as electron transporting 
materials [14] whereas MEH-PPV is a good hole transporting material. The HOMO level 
for MEH-PPV is close to the ITO Fermi level and, in forward bias, holes are easily 
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transferred from the ITO to the MEH-PPV. Furthermore, more electrons can be injected 
from the Al into the PHPY layer in the dual-layer device than into the MEH-PPV in the 
single layer device due to the lower elecu·on injection banier, as shown in Figure 6.12. 
ITO MEH-PPV 
LUMO 
-2.8eV 
-4.7eV 
HOMO 
PHPY 
LUMO 
-6.3eV 
HOMO 
AI 
Figure 6.12 Potential energy diagram for the ITO/MEH-PPV IPHPY I Al structure. 
At the MEH-PPVIPHPY interface there is a barrier of0.6 eV for electrons and 1.4 
eV for holes . Consequently, electrons injected from the Al electrode are transferred 
relatively easily from PHPY to MEH-PPV, while holes are blocked and accumulate in the 
MEH-PPV layer, i.e. at the interface between the two polymers. Hence, carrier 
recombination in the dual-layer device takes place in the MEH-PPV layer away from the 
Al electrode, avoiding nomadiative quenching effects of metal. In contrast, carrier 
recombination that takes place near the Al electrode in the reference device is likely to 
decay nonradiatively. Due to the more balanced injection for both charges, the dual-layer 
device has an improved device performance than the single layer device in terms of 
quantum efficiency, turn-on voltage for EL and light output. 
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Figure 6.13 contrasts the EL spectra of single and dual-layer devices when a 
positive bias is applied to ITO electrode. Orange-yellow light was clearly visible through 
the ITO glass. The EL spectrum of the dual-layer device is similar to that of the single 
layer MEH-PPV device, confirming that light emission originates from the MEH-PPV 
layer. This is consistent with the explanation based on the potential energy diagram. 
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Figure 6.13 Normalised EL intensity for a MEH-PPV single layer device and MEH-
PPV /PHPY dual-layer device. 
6.3.4 Alternate-Layer Device 
An alternate-layer system (IT0/30 cycles of MEH-PPV(l) and PHPY(l)/Al) was 
designed with the hope of more effective confmement of charge carriers. The 1-V 
characteristics of alternate-layer device are compared with the single-layer MEH-PPV(50) 
device in Figure 6.14. 
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Figure 6.14 Comparison of the current versus voltage and light output versus voltage 
characteristics for a single layer (212 nrn) and an alternate-layer (192 nrn) structure. 
The forward current for the alternate-layer system is one order magnitude lower 
than that of MEH-PPV single layer device even though the total film thickness is thinner 
than the single layer device. This lower current can be explained from the potential energy 
diagram (Figure 6.15) which is composed of 30 adjacent energy barriers. Energetically 
there is a quantum well in each MEH-PPVIPDPY interface. Thus each carrier (hole, 
electron) must surmount these barriers to migrate to the opposite electrode. Given the high 
energy barrier, these carriers are likely to be trapped in the MEH-PPV layer closest to the 
ITO electrode. The low current is ascribed to this slow carrier movement. The external 
quantum efficiency of the alternate-layer system is I.Oxl04 %, even lower than the value 
of 6.0xl04 % measured for the single layer system. 
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Figure 6.15 Energy diagram of alternate-layer device. •: electrons, o: holes 
6.3.5 Optimisation of Film Thickness 
In experiments using spin-coated dual-layer devices, it was found that the ratio of 
the thickness of the polymer layers could be used to optimise the LED efficiency [14,15]. 
The efficiencies of MEH-PPV /PHPY dual-layer devices incorporating different numbers 
of LB layers are shown in Table 3. 
Device structure Total thickness (nm) External quantum 
efficiency(%) 
ITO/MEH-PPV(50)/Al 212 6.0x104 
ITO/MEH-PPV(20)/PHPY(10)/Al 136 4.3x10-3 
ITO/MEH-PPV(30)/PHPY(10)/Al 190 7.5x10-3 
ITO/MEH-PPV(30)/PHPY( 15)/ AI 204 4.7x10-3 
ITO/MEH-PPV(50)/PHPY(25)/Al 263 8.0xl04 
IT0/30 cycles of MEH-PPV( 1) and 192 l.Ox104 
PHPY(1)/Al 
Table 3. External quantum efficiencies of LEOs (single layer, dual-layer and alternate-
layer structures). The figures in brackets refer to the number of LB deposition cycles. 
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The quantum efficiency ofthe MEH-PPV(50)/PHPY(25) device is one order of 
magnitude less than that of the MEH-PPV(30)/PHPY(10) structure. For thick films, the 
chance that holes and electrons are trapped in each material without recombination is 
high. On the other hand, for thin films it is possible for holes and electrons to drift to the 
opposite electrode without recombination. This suggests an optimum device total 
thickness and optimum thickness ratio should exist. In our work, ITO/MEH-
PPV(30)/PHPY(10)/Al was the best structure in terms of external quantum efficiency. 
The photograph of the EL emission from a MEH-PPV(30)/PHPY(10) device was 
taken with an exposure time of 5 minutes and is shown in Figure 6.16. Edge emission 
can be seen by total reflection within the ITO glass substrate. Gu et al. [16] showed that 
by redirecting the edge emitted light, the surface emission can be enhanced by 70 % to 
90%. 
Figure 6.16 Photograph ofEL emission from a dual-layer device. 
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6.4 Thermal Annealing Effects 
6.4.1 Background 
Following the initial work with organic LEDs using conjugated polymers, there 
have been significant improvements in device performance. High external quantum 
efficiencies of over 8 % [ 17] and colours covering the entire visible range are now 
commonplace. However there still remain problems with the polymer film and electrodes 
being vulnerable to oxidation and chemical degradation leading to short device lifetime. 
The degradation of organic LEDs is often accompanied by the formation of black 
spots on the electrode(s). Possible reasons for these include: crystallisation of amorphous 
organic films [18]; the reaction between the organic material and the electrode [19]; the 
reaction of the top electrode with water and oxygen [20]; oxidation of organic layer by 
ITO [21] and poor contact between the organic layer and the electrode [22]. 
To improve the lifetime, elaborate encapsulation and packaging schemes are 
considered in order to exclude water and oxygen [23]. The use of hole transporting 
material with high T g (glass transition temperature) [24], polymeric anodes instead of ITO 
[25] and doping the emissive layer [26] have also been used to prolong the lifetime. 
The LB layers used in this work are exposed to aqueous solutions and possibly 
contain moisture which is detrimental to device lifetime. In this section, different post-
deposition drying treatments are used prior to evaporation of the Al top electrode. The 
effect of drying the MEH-PPV LB film on the device performance, especially on the 
device lifetime, is studied. 
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6.4.2 Device Fabrication 
MEH-PPV LB fllms (55 cycles) were deposited on four ITO-patterned substrates 
at the same time. Each substrate was treated by a different drying method. These were: 
drying at room temperature in a high vacuum (10-6 mbar) for 12 hours; annealing at 35 °C 
in high vacuum for 12 hours; and annealing at 60 °C in high vacuum for 12 hours. Finally, 
A1 was evaporated onto the fllms to complete the LED devices. These devices were 
compared to those made from as-deposited fllms, without any drying treatment. 
We have also undertaken further studies to improve the device operating lifetime: 
(I) by inserting a thin layer of LiF between the MEH-PPV LB layer and A1 electrode to 
eliminate any chemical reaction between them and (ll) by simple encapsulation of the 
entire device with adhesive tape to protect the A1 electrode against direct contact with air 
and moisture. The LiF layer (z 2 nm) was thermally evaporated onto the 35 °C annealed 
MEH-PPV LB fllm and the A1 electrode (150 nm) was then evaporated without breaking 
the vacuum. The encapsulation tape was 3M VHB acrylic adhesive tape, which covered 
the entire organic LED. If this procedure was undertaken carefully, no deleterious effects 
on the devices or their electro-optical characteristics were noted. 
It should be noted that there was always a little variability in the electrical and 
optical characteristics of devices fabricated under seemingly identical conditions. This was 
due to the difficulty in reproducing the LB film thickness to better than 10 %. The 
experiments described in this section were therefore undertaken using a number of 
different devices. The trends in the characteristics, with different annealing conditions, 
were the same for all the structures investigated and therefore the results shown in this 
section can be considered as 'typical'. 
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6.4.3 Device Performance 
The current versus voltage characteristics of the four devices, processed in 
different ways, are contrasted in Figure 6.17. Little effect on the current versus voltage 
curves is evident on drying the MEH-PPV layer in high vacuum prior to AI evaporation. 
However, annealing the MEH-PPV produces a marked increase in forward current for the 
same applied voltage. 
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Figure 6.17 Current versus voltage characteristics for MEH-PPV subjected to various 
drying methods. 
We suggest that this effect is simply related to a thickness decrease for the organic 
layer during the processing. Measurements with the surface profilometer revealed that 
annealing at 60 °C for 12 hours in high vacuum resulted in a thickness decrease of 80 nm 
(i.e. 38 % decrease in the initial thickness), while annealing at 35 °C for the same time 
produced a 26 nm thickness decrease (12 % decrease). No significant thickness change 
could be measured for the films dried at room temperature in high vacuum. 
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Light output was measurable for applied voltages greater than 2.5 V, independent 
of the film treatment. Figure 6.18 shows the quantum efficiency versus current density for 
the four devices whose cunent-voltage behaviour has already been given in Figure 6.16. 
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Figure 6.18 External quantum efficiency versus current density for the devices whose 1-V 
characteristics are shown in Figure 6.17. 
The quantum efficiencies measured at a current density of 40 rnA cm-2 were 
7.4x10-4 %, l.Oxl0-3 %, 9.0x104 % and 5.3xl0-4% for the devices with the LB layers as-
deposited, dried at room temperature in high vacuum, annealed at 35 oc in vacuum and 
annealed at 60 °C in vacuum, respectively. (It is important to note that the device 
efficiencies have not been optimised in this work, e.g. by the use of a higher work function 
cathode.) The device processed at room temperature in high vacuum for 12 hours has the 
highest quantum efficiency. The lower quantum efficiencies for the annealed devices may 
simply be related to nonradiative decay paths resulting from the enhanced packing of the 
polymer layers. For example, annealing might produce aggregates and interchain 
interactions, which may promote quenching effects as a result of the fommtion of excimers 
or ground state aggregates [27]. 
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An alternative explanation is that if the organic layer is too thin, then nonradiative 
quenching effects near electrodes may reduce the light output. It has also been noted that 
the change of film structure from amorphous to polycrystalline decreases the ionisation 
potential of the organic film (related to a change in film density) [28]. A previous report 
shows that no significant degradation was observed in spin-coated MEH-PPV tilms that 
were subjected to heat treatment up to 120 °C for 21 hours [29]. In our case, the annealing 
temperature of 60 °C is much lower than the glass transition temperature of MEH-PPV, 
210 °C [29]. No evidence for a crystalline structure in the 60 °C annealed MEH-PPV LB 
films was seen using low angle X-ray scattering. 
6.4.4 Optical Characterisation 
Although relatively large thickness changes were observed on thermal annealing, 
only relatively minor changes in the optical absorbance (for polymer layers deposited onto 
quartz) were evident, Figure 6.19. The data for the as-deposited film and for the film dried 
in high vacuum are virtually identical whereas annealing at elevated temperature slightly 
reduces the intensity of the absorption bands. 
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Figure 6.19 UV-Vis. absorption spectra of MEH-PPV LB films subjected to various 
drying methods. 
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The absorption edges of the four films occur at the same energy. It is notable that 
the absorption peaks (498 nm, 364 nm and 262 nm) are slightly blue shifted with 
increasing annealing temperature. This is probably the result of formation of H-aggregates 
of materials in LB film, as shown in Figure 6.20. 
After annealing 
H-aggregate 
Figure 6.20 H-aggregation of molecules in LB film during thermal annealing. 
Free movement of the side chains of MEH-PPV and torsion of the polymer 
backbone, which are commonly expected in the spun films and result in short conjugation 
lengths [30,31 ], are not likely to occur in the particular multilayered LB film structure 
during thermal treatment. Instead, the MEH-PPV LB ftlms will probably become more 
closely packed with increasing temperature, leading to enhanced molecular order. 
Considering that the film thickness becomes thinner after annealing, the side chains of 
MEH-PPV might be strongly interleaved with those of interfacing layer as shown in 
Figure 6.20. 
In the H-aggregated structure, more intra- and interchain excimers within the same 
layer could be formed by the phenyl groups which face each other along the polymer 
backbone. Due to the closer distance between layers, delocalised electrons along the 
polymer backbone can influence the electron cloud of the subsequent layer. This produces 
more excimer formation by interchain interaction. 
The normalised PL spectra, excited at 420 nm, for the films subjected to different 
drying methods, are compared in Figure 6.21. The PL peak is slightly red shifted with 
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increasing temperature, which reflects more aggregates and excimer formation formed due 
to increased intra- and/or interchain interaction. Work by Nguyen et al. has shown that 
annealing spin-coated MEH-PPV ftlms at 215 oc for several hours increases the degree of 
interchain interactions and facilitates charge transport [32]. 
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----- high vacuum 
· · · · · · · · 35°C in high vacuum 
500 600 700 
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Figure 6.21 Normalised PL spectra of MEH-PPV LB ftlms subjected to various drying 
methods. Excitation wavelength is 430 nm. 
6.4.5 Operating Lifetime 
The stability of the organic LEOs was studied by applying a constant current stress 
(current density: 15 rnA cm-2). Figure 6.22 shows the voltage variation with time for 
different devices. Device failure was accompanied by a rapid increase in the voltage across 
the structure. The approximate lifetimes were 1000 s, 2500 s, 3500 s and 5500 s for 
devices with the LB layers as-deposited, left at room temperature in high vacuum, 
annealed at 35 oc in high vacuum and annealed at 60 oc in high vacuum, respectively. It is 
clear that longer lifetimes can be achieved with higher annealing temperatures. A further 
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lifetime test was undertaken at a constant voltage, Figure 6.23. Although all the devices 
exhibited a similar light output at the beginning of the experiment, the EL decayed rapidly 
and was almost undetectable after two hours, except for the 60 °C annealed film device. 
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Figure 6.22 Lifetime experiments using a constant current (current density of 15 rnA cm-
2). The abrupt voltage increase is related to irreversible device failure. 
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Figure 6.23 Lifetime experiments using a constant applied voltage. 
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What appears to make the difference to the lifetimes of our LED structures is the 
uniformity of the deposited organic film. The as-deposited LB layer is uneven, as 
confirmed by our surface proftle measurement (Figure 6.24). This results in a very 
nonuniform electric field throughout the device. Thin regions can become shorted during 
operation, leading to high currents. This, in turn, leads to joule heating and fmally to 
rupture of the aluminium. Annealing the LB fllm results in a relatively more unifmm fllm 
thickness. 
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Figure 6.24 Surface proftle of MEH-PPV LB fllm as-deposited. 
A smoother surface was evidenced by the surface roughness (Ra parameter) 
measured by the surface proftlometer: 44.5 nm, 35.4 nm, 33.2 nm and 33.8 nm for the 
LEOs with the LB layers as-deposited, dried at room temperature in high vacuum, 
annealed at 35 oc in high vacuum and annealed at 60 oc in high vacuum, respectively. 
Using atomic force microscopy, Lee and Park [33] showed that a smoother MEH-PPV 
surface was observed as the annealing temperature increases. 
The optical micrographs shown in figure 6.25 provide images of the Al surface in 
different devices following the constant current stress of current density of 15 rnA cm-2 for 
25 min. It is evident that the metal electrodes of devices in which the LB filins have been 
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annealed at elevated temperatures (Figures 6.25(c) and (d)) are more continuous than 
those in the untreated device (Figure 6.25(a)) and the structure processed at room 
temperature in high vacuum (Figure 6.25(b)). 
In common with other reports, the device degradation was found to be associated 
with the degradation of the aluminium electrode [19]. Dark regions were observed on the 
electrode's surface using scanning electron microscopy (SEM). These increased in size 
over time until they eventually covered most of the active surface of the Al and the light 
output was no longer detectable. Figure 6.26 contrasts SEM images obtained for a fresh 
Al electrode (Figure 6.26(a)) and anAl electrode from a device annealed at 35 °C that had 
been subjected to a constant current stress until the EL output was no longer detectable 
(Figure 6.26(b)); an enlargement of one of the dark regions is shown in Figure 6.26(c). 
EDX analysis was perfonned inside a dark region (Figure 6.27(a)), outside this 
region (Figure 6.27(b)) and on a fresh Al electrode (Figure 6.27(c)). The signals due to Si, 
In and Ca indicate that the X-ray beam can penetrate the organic layer to the glass 
substrate (the Au signal originates from the gold coating used to prepare the samples for 
the SEM work). For the measurements in a dark region, the higher Si peak intensity, 
relative to the Al, indicates that Al has been removed. The SEM picture in Figure 6.26 
seems to confirm this hypothesis. Studies by Do et al. with organic LEOs based on 
evaporated molecular crystals reached similar conclusions [34]. These workers have 
suggested that a morphological change in the aluminium electrode is initiated by the 
presence of pin-holes in the metal cathode. 
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(a) (b) 
(c) (d) 
Figure 6.25 Optical micrographs (x20 magnification) of the surface of the A1 electrode 
following a constant stress (cmTent density = 15 rnA cm-2) applied for 25 minutes. 
Photographs correspond to devices processed in different ways before the deposition of 
the A1 top electrode: (a) tmtreated; (b) dried for 12 h in high vacuum; (c) annealed for 12 
hat 35 °C in high vacuum; and (d) annealed for 12 hat 60 °C in high vacuum. 
143 
Chapter 6. 1mprovement ofMEH-PPV LB Film Device Performance 
(a) 
(b) 
(c) 
Figure 6.26 SEM images of(a) a freshly evaporated Al electrode and (b) anAl electrode 
from the device annealed at 35 °C that had been subjected to a constant current stress 
until the EL output was no longer detectable. (c) Image of AI electrode focusing on one 
of the dark regions in (b). 
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Figure 6.27 EDX spectra for Al electrode. (a) Dark region (b) off dark region and (c) 
freshly evaporated Al electrode. 
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6.4.6 Improvement of Operating lifetime 
The lifetime of the devices reported here is too short for commercial applications. 
Chemical reactions between the cathode top electrode and the organic material [35] and 
reactions between the cathode and the ambient atmosphere [36] are both detrimental to the 
lifetime of organic LEOs. Although our lifetime experiments were undertaken in a low 
vacuum (10-2 mbar), there was still sufficient air/moisture present to degrade the device. 
We have therefore undertaken a preliminary study of methods that might be used to 
improve the device lifetime. Figure 6.28 shows the light output decay for different 
modified organic LED configurations incorporating a LiF (::::: 2nm) layer between the 
polymer and aluminium electrode and the encapsulation tape. 
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Figure 6.28 Lifetime experiments for ITO/MEH-PPV(55)/Al structures incorporating LiF 
and/or encapsulation tape. Constant voltage (20 V) was applied to the devices. 
Incorporation of the LiF buffer layer provides a useful increase in the device 
operating lifetime. A more significant improvement (lifetime > 11 h) is obtained with the 
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encapsulation tape. In agreement with other work [37], our results illustrate that the 
protection of top electrode from the air and moisture is a crucial factor if long operating 
times are to be achieved. 
6.5. Summary 
The insertion of AA layers between a MEH-PPV film and an Al cathode was 
found to shift the 1-V characteristics to higher voltages. However, the tum-on voltage for 
EL decreased with increasing AA thickness up to 8 layers (4 cycles), 4.5 V lower than that 
of the pure MEH-PPV device, and the external quantum efficiency increased by a factor of 
three in the case of MEH-PPV/AA (8 cycles) device compared to the device without AA 
layer. 
By using the electron transfer material, PHPY, between the MEH-PPV and the Al 
electrode, more electrons could be injected from Al electrode at lower voltage. This 
increased the external quantum efficiency up to 7.5xl0-3 %, more than one order of 
magnitude higher than the single layer device and decreased tum-on voltage. 
Annealing the MEH-PPV LB film before Al evaporation resulted in a closely 
packed polymer film leading to more aggregates or higher intra- and/or interchain 
interaction between layers. This interaction shifted the PL spectrum to the red and could 
promote nonradiative decay channels leading to lower quantum efficiency. On annealing, 
the LB film surface became smoother, which prolonged the device lifetime. 
The operating lifetime of MEH-PPV single-layer devices could be further 
increased by the use of a thin layer ( < 2 nm) of lithium fluoride (LiF) at the 
polymer/ Al interface and more effectively by encapsulation of the whole Al top 
electrode with an adhesive tape. 
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Chapter 7. 
Devices based on MEH-PPV Spin-Coated FUms 
7.1 Introduction 
In this chapter, all the LEDs described are based on MEH-PPV spun ftlms. 
Many techniques have been used to improve the device efficiency and lifetime. 
Initially, the optical properties of MEH-PPV spun film are compared to those 
of MEH-PPV LB films. The performance of devices made with both types of ftlms are 
also contrasted in Section 7 .2. Dual-layer devices were made by thermally evaporating 
a new electron transporting material, 2,5-bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazol-5-
yl]pyridine (PDPyDP). In Section 7.3, the properties of this compound are compared 
with those of 1 ,3-bis[2-( 4-tert-butylphenyl)-1 ,3,4-oxadiazol-5-yl]benzene (OXD-7) 
which is widely used as an electron transporting material. Despite improved device 
performance, such as higher quantum efficiency and lower tum-on electric field for 
EL, the devices incorporating PDPyDP were not stable. Several strategies to improve 
the device stability are therefore described: doping (Section 7.4); inserting a buffer 
layer between the electrode and the organic film (Section 7.5); thermal annealing 
(Section 7 .6); and changing the Al evaporation condition (Section 7 .7). 
7.2 Comparison of Spun and LB Films 
In this section the properties of MEH-PPV spun films are compared to those 
of LB ftlms. The device characteristics of devices made from both types of films are 
then discussed. 
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7.2.1 Spin-Coating of MEH-PPV 
MEH-PPV was dissolved in a mixed solvent of 50% chloroform and 50% p-
xylene to achieve adequate viscosity. The concentration was 6.6 mg ml-1• The solution 
was dropped onto ITO patterned glass or quartz before spinning. At first, a low spin 
speed (800 - 1000 rpm) was used for 3 seconds to spread the solution evenly over the 
substrate. A higher spin speed (2600 - 2800 rpm) was then used for 30 seconds to 
reduce the film to the required thickness. The spin speed was chosen by calibrating 
film thickness against spin speed. Without any heat treatment, the spun films were 
placed in a high vacuum chamber to evaporate the Al top electrode. 
7 .2.2 Comparison of optical properties 
The UV-Vis. absorption spectra of a MEH-PPV spun film (120 nm), an LB 
film (30 cycles, 140 nm) and a solution in chloroform (lxl0-3 mole) are compared in 
Figure 7.1. 
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Figure 7.1 UV-Vis. absorption spectra of MEH-PPV LB film (140 nm), spun film 
(120 nm) and solution in chloroform (lxl0-3 mole). 
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The shape of the absorption spectrum of the spun film is similar to that from a 
1xl0-3 mole MEH-PPV solution in chloroform where there is a broad 1t-1t* transition 
absorption peak at 500 nm and a small absorption band around 334 nm. Shi et al. [1] 
reported that the polymer chains are expected to coil more tightly in nonaromatic 
solvents such as THF and CHCh resulting in disordered films. 
In the case of the LB film, the absorption spectrum is broad and includes 
absorption bands at 412 nm and 364 nm. These can probably be ascribed to aggregate 
formation due to particular molecular ordering and specific alignment of molecules in 
the LB film. The peaks are blue-shifted with increasing annealing temperature, Figure 
6.19, and the absorption intensity becomes significant with increasing number of LB 
cycles, Figure 5.4. 
The normalised PL spectra of the solution and the two films, excited at 420 
nm, are shown in Figure 7 .2. The PL spectrum of the spun film is red-shifted and 
broader compared to that of the solution, while the absorption spectrum is similar to 
that of the solution after spin casting (Figure 7 .I). The red-shift of PL, without a 
significant change in the absorption spectrum, originates from excimers formed by 
interchain interactions in the spun film. These interactions are predictably maximized 
in the solid state when the polymer chains are closely packed. Samuel et al. [2] 
revealed the formation of emissive interchain excimers in a cyano-substituted PPV in 
which the absorption and the PL spectra of this material had the same characteristics 
as those reported here. 
The PL peak of the LB film is slightly red shifted (2 nm) compared to that of 
the spun film. The peak of the 0-0 transition and the excimer peak (0-1 transition) at 
around 590 nm and 620 nm, respectively, appear in the PL spectra of both films. The 
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PL of the LB film has an extended tail, which emits red light near the 0-2 band due to 
aggregate formation [3]. 
A fitting procedure, using three Gaussian curves, was applied to the PL 
spectra and the best fit parameters for the PL spectra are inset in each figure. The 
Gaussian curves, numbered 1, 2 and 3, represent the 0-0, 0-1 and 0-2 emission bands, 
respectively. Table 4 shows the relative intensity ratios of the 0-0 transition (lo) to the 
excimer (IE) emission and the wavelength of the PL peak of each spectrum. The curve 
fitting reveals that the LB film sample contains more excimers and aggregates 
compared to the spun film. 
LB film Spun film Solution 
Ratio (IJIE) 0.3 0.4 0.6 
Peak wavelength (nm) 591 589 564 
Table 4. Ratios of the excimer to the 0-0 transition emission for MEH-PPV in 
different forms. 
The LB technique stacks molecules densely, layer by layer, so that 1t-
conjugated polymers are deposited in order (1t-stacking) resulting in strong interchain 
interactions between the polymer backbones (1t-1t overlap). These interactions 
enhance the excimer formation, which can increase nonradiative decay and hence 
reduce the PL efficiency [ 4]. 
153 
Chapter 7. Devices based on MEH-PPV Spin-Coated Films 
!.Of. -lBRbn Ihlk Arc! G:mr Wdh H:®t -~ FIB< ....... Chxrr \\!db ~ t -SOO:iim(1<>3m:le) - Area Olrtsr Wdh Heigl! 
·····--Qr.e~ (\ 1.0 ··-Cllw~ 1.0 ·····-OJw~ A 
13.242 59132 ~21 039838 16.% Sffi.'E 23.® 057J36 1 19.199 ~.41 20.437 0.74953 
44.587 618.07 56.22) 0.63278 42147 6Zl.91 54.236 <l6roi 2 
31.2112 594.67 44.-423 o.56150 
XJ.970 673.41 154.89 02\2S6 22.586 6!!7.55 141.00 <l!Z781 
3 12106 Em 12 78.038 0.12llll 
0.8 <l8 <l8 
:;- :;-f 0.6 ··z ~ ~ <l6 $ <16 I f 0: tl:l tl:l 
i 0.4 I <14 I <141 l ~; ;': 
0.2 ·- 02 02 
.--. 
.... , 
. ........... :·.·.-......................... 
<10 <10 
m BXJ 'im 8X) m 6Xl iUl 8ll m 6Xl iUl 
WM!eogth(1DV ~(mV W.'<'ienglh (D!Il 
(a) (b) (c) 
Figure 7.2 PL spectra of (a) MEH-PPV LB fllm (30 cycles, 140 run), (b) spun fllm (120 run) and (c) solution (lxl0-3 mole) in chloroform. Three 
Gaussian curves are fitted to these curves and their parameters are inset. The number of the Gaussian curves represent: 1 for the 0-0 band; 2 for 
the excimer formation; and 3 for the aggregation band. 
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7 .2.3 Comparison of Device Characteristics 
Organic LEDs were made by both the LB technique and the spin coating 
method. The ftlm thickness was 250 nm for the LB film and 120 nm in the case of the 
spun film. Current versus voltage characteristics of both devices are compared in 
Figure 7.3; plots of quantum efficiency against current density are inset. 
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Figure 7.3 1-V characteristics of devices with MEH-PPV LB and spun films. The 
quantum efficiency against current density for both devices is inset. 
For the two devices shown, the quantum efficiency of the structure made with 
the spun film, 2.8xl0-3 %, is four times higher than that of the LB-based LED, 
7.3x10-4 %. Measurements of a number of devices with different film thicknesses 
revealed that LEDs based on the spun films always possessed higher efficiencies than 
those fabricated with LB films. The quantum efficiencies of the latter devices were 
usually of the order 104 % compared to 10-3 % for the former devices. The lower 
quantum efficiency of the LB film device can be explained by increased excimer 
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formation, as discussed in the previous section. This results in nonradiative decays, 
reducing the device quantum efficiency. 
Spun films retain a degree of aggregation in solution, in which the bulky side 
chains have a high degree of freedom for rotation, hindering the 1t-1t stacking of the 
polymer backbone. This decreases the backbone planarity, lowering the conjugation 
length. The reduced conjugation length results in a decrease of the exciton mobility 
along the conjugated backbones. Consequently, more efficient confmement of 
excitons in the conjugated segments can be achieved, preventing the nonradiative 
decay [5]. It was reported that the degree of aggregation of MEH-PPV solution was 
affected by the solvent and the solution concentration [ 6]. Therefore, it is important to 
choose an appropriate solvent so as to minimise the polymer aggregation and improve 
the quantum efficiency. 
The LB film consists of a closely packed ordered phase in which the polymer 
backbones cannot move freely. This elongates the conjugation length within the 
polymer backbones. As the conjugation length increases, the excitons have more 
chances of encountering quenching sites and consequently, recombining 
nonradiatively while moving along the polymer backbone. The LB films also contain 
moisture which causes some chemisorption and adsorption of water on the Al 
electrode. It has been shown previously that the work function of Al increases by 
chemisorption of water [7]. This phenomenon can increase the energy barrier for 
electron injection, leading to lower device quantum efficiency. 
TheEL spectra of the two devices are similar (Figure 7.4). TheEL peak of the 
device with the LB film is slightly red-shifted compared to the device with the spun 
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film. This illustrates that the excitons in the LB device move along a longer 
conjugated polymer backbone losing some of their energy before radiative decay. 
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Figure 7.4 EL spectra ofMEH-PPV LB and spun fllms. 
7.2.4 Device Operating Lifetime 
Electrical stress tests were carried out with the two devices described above. 
The luminance decay of both devices is compared in Figure 7.5. A constant voltage of 
18 V was applied to both structures. The initial electric load (V x J) was: 0.38 W cm·2 
for the LB fllm device; and 0.75 W cm·2 for the device based on the spun fllm. The 
light output from the device with the LB fllm decreased rapidly and no light output 
could be measured after 4 hours due to the device breakdown. The light output from 
the device with the spun fllm shows a different behaviour with time. This diminished 
rapidly over the first 5 minutes. Following this, the light output decreased 
monotonically with an increasing luminance decay rate. 
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Figure 7.5 Luminance decay for LEOs with MEH-PPV spun and LB films. A constant 
voltage (18 V) was applied to the devices. 
As discussed in the Section 6.4, the device lifetime is affected by the film 
roughness. Although the LB technique is an excellent method for controlling the 
precise ftlm thickness, the polymer LB ftlms possess a relatively uneven surface as 
mentioned previously in Section 5.2.3. Higher currents flow through the thinner 
regions, eventually leading to localised breakdown. The surface profile of a spun ftlm, 
shown in Figure 7.6, can be compared with that of an LB ftlm (figure 6.24). The 
surface of the spun ftlm is very smooth with a roughness index, Ra, < 5 nm, which is 
superior to the Ra value of 44 nm for the LB ftlm. It is therefore anticipated that a 
uniform electric field is distributed over the device area. 
Scanning electron micrographs of both ftlms, with magnifications of 1500, also 
show that the surface of spun ftlm is very flat and uniform whereas the surface of LB 
ftlm includes many features, Figure 7. 7. 
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Figure 7.7 SEM images of (a) an MEH-PPV LB film and (b) an MEH-PPV spun 
film. The magnification is 1500. 
7.3 Dual-Layer Devices 
7.3.1 Background 
1,3,4-0xadiazole (OXD) has been incorporated as an electron injecting and 
hole blocking material in organic LEOs. Its derivative, 1,3-bis[2-( 4-tert-butylphenyl)-
1 ,3,4-oxadiazol-5-yl]benzene (OXD-7) has been used as a popular electron 
transporting material and has resulted in a significant improvement in device 
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performance [8]. Pyridine is an electron deficient compound and has also formed the 
basis of an efficient electron transporting layer [9]. Higher electron-injection ability 
could reasonably be expected from a hybrid of pyridine and oxadiazole. C.S. Wang et 
al. has, therefore, synthesised a new bis-OXD system incorporating pyridine, 2,5-
bis[2-( 4-tert-butylphenyl)-1 ,3,4-oxadiazol-5-yl]pyridine (PDPyDP) [ 10]. 
For our initial experiments, devices with electron transporting layers, such as 
PDPyDP or OXD-7, were fabricated and compared with a single layer MEH-PPV 
device. 
7.3.2 Device Structure 
The chemical structures of all the organic compounds used in this section are 
shown in Figure 7.8. OXD-7 and PDPyDP were synthesised in Durham. 
OXD-7 
(li,C),C~on----0---i:On--©---C(CH,), 
N-N N-N 
PDPyDP 
Figure 7.8 Molecular structures of OXD-7 and PDPyDP. 
The MEH-PPV solution was made using the method described in the previous 
section. A film of dry thickness ca. 120 nm was formed for the single layer devices 
while a film of ca. 80 nm thickness was spin-coated for the dual-layer device. 
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The second layer of electron-injecting material was thermally evaporated at a 
pressure of l0-6 mbar using an evaporation rate of 0.1 - 0.2 nm s-1. Each compound 
was placed in a glass crucible and the temperature was monitored by an attached 
thermocouple. The sublimation temperature was 160 °C for both the PDPyDP and 
OXD-7 and the film thickness of both films was around 60 nm. The film thickness was 
monitored using a quartz crystal sensor. 
7 .3.3 Device Characteristics 
Three devices, using spin-coated MEH-PPV as the emissive material, were 
fabricated: pure MEH-PPV (thickness 114 nm); MEH-PPV/OXD-7 (150 nm) and 
MEH-PPV/PDPyDP (143 nm). The current versus electric field characteristics of 
these devices are compared in Figure 7.9 and plots of their quantum efficiencies 
against current density are inset. The curves for the dual-layer device are shifted to 
lower electric field compared to that of MEH-PPV single layer device. 
At a current density of 25 rnA cm-2, the quantum efficiency of each device is: 
2xl0-3 % for MEH-PPV, 2.2xl0-2 % for MEH-PPV/OXD-7 and 9.3xl0-2 % for 
MEH-PPV/PDPyDP. Dual-layer devices incorporating electron transporting layers 
can therefore improve the external quantum efficiency by up to two orders of 
magnitude compared to the single layer device. This improvement can be explained by 
an increase in electron injection owing to a lower energy barrier between LUMO level 
of the electron transporting layer and the AI Fermi level. The quantum efficiency of 
the MEH-PPV /PDPyDP device is nearly a factor of five higher than that of the device 
containing the OXD-7, illustrating the higher electron transporting ability of PDPyDP 
over OXD-7. 
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Figure 7.9 Currents versus electric field of the single and dual-layer LEOs. Plots of 
external quantum efficiencies against current density are inset. 
This increased electron transporting ability could be the result of two possible 
effects. First, the electron deficient pyridine ring decreases the LUMO level of 
PDPyDP more than that of a benzene ring. Therefore, the energy barrier for electron 
injection is decreased. Secondly, higher electron mobility in PDPyDP is expected than 
in OXD-7. Wang et al. [10] showed that PDPyDP molecules are packed parallel to 
each other so that the overlap of molecular orbitals of PDPyDP molecules in the solid 
state is enhanced. In contrast, OXD-7 molecules have lower degree of intermolecular 
interactions in the solid state. 
The light output versus electric field for the three devices is shown in Figure 
7.10. The tum-on electric field ofMEH-PPV/PDPyDP is lowest of all devices (MEH-
PPV: 1.32x108 V m-1, MEH-PPV/OXD-7: 9.4x107 V m·' and MEH-PPV/PDPyDP: 
6.2xl07 V m-1). The device incorporating PDPyDP has a lower tum-on electric field 
than the device with OXD-7, supporting the hypothesis described above. 
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Figure 7.10 Light output versus electric field for the LEOs. 
The normalised EL spectra of the dual-layer devices are identical to that of 
MEH-PPV single-layer device (Figure 7.11). This shows that, in dual-layer devices, 
electrons move into the MEH-PPV layer and recombine with holes to produce the 
light output. 
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Figure 7.11 EL spectra of the devices. 
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7 .3.4 Dark Area Formation in the Ell mage 
Despite the higher quantum efficiency, the devices incorporating a PDPyDP 
layer were not stable. The device current decreased rapidly after one day storage 
(with no applied bias) in a low vacuum (10-1 mbar) as shown in figure 7.12(a). A 
photograph of the EL emission taken through the ITO one day after evaporating the 
AI top electrode, is shown in figure 7.1 2(b). Dark areas, which produced EL emission 
when the device was freshly made, increased rapidly in area with storage time. 
However, the light output decreased at a similar rate to the current, resulting in no 
particular change in the external quantum efficiency. No light was emitted after 2 
days of storage. 
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Figure 7.12 (a) Current versus voltage characteristics measured at various times for a 
MEH-PPV/PDPyDP device and (b) EL linage (viewed through the ITO electrode) 
one day after AI evaporation. 
Two possibilities may explain this device degradation: one is decomposition 
or chemical interaction between the PDPyDP layer and AI electrode, leading to a loss 
of the material properties as an electron transporting material; the other explanation is 
poor adhesion of the PDPyDP layer to the Al electrode resulting in detachment of the 
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Al electrode from the PDPyDP layer. The next sections will describe several ways to 
increase the stability of the dual-layer device. 
7.4 Rubrene Doping of MEH-PPV 
7 .4.1 Background 
By adding an appropriate dopant to an organic layer, the energy barrier at the 
organic/organic interface can be lowered, resulting in higher efficiencies and longer 
operating lifetimes. For example, it has been reported that the lifetime of Alq3/TPD 
EL devices can be greatly improved by rubrene(Ru) doping of either the Alq3 or the 
TPD layer [11,12]. 
7 .4.2 Device Characteristics 
Rubrene was purchased from the Aldrich Co. and its molecular structure is 
shown in Figure 7.13. A mixture of rubrene and MEH-PPV, with different ratios by 
weight, was dissolved in a mixed solvent consisting of 50 % chloroform and 50 % p-
xylene and sonicated for several hours to disperse the rubrene in the host material. A 
rubrene-doped MEH-PPV (MEH-PPV(Ru)) layer was formed by spin-coating. 
Figure 7.13 Molecular structure of rubrene. 
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Figure 7.14 shows the graph of current against electric field for devices with 
different doping percentages of rubrene. The current at a fixed field becomes smaller 
with increased doping of rubrene and reaches a minimum with the 30 % rubrene 
doped device. Above this doping level, the current increases and is slightly higher than 
that of the undoped device at the doping percentage of 50%. 
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Figure 7.14 A comparison of the current -electric field characteristics and quantum 
efficiency for rubrene-doped and undoped MEH-PPV devices. 
The lower device current (doping percentage < 30 %) may be explained by 
consideration of energy levels of the rubrene (LUMO : -3.2 eV, HOMO : -5.4 eV 
[13]), when compared to those of MEH-PPV (LUMO : -2.8 eV, HOMO : -4.9 eV 
[14]). Majority carriers, holes, can be injected into the HOMO level of the MEH-PPV 
and migrate to neighbouring molecules and consequently move towards the cathode. 
Meanwhile, rubrene molecules act as randomly distributed hole traps resulting in a 
decrease in the device current as shown in Figure 7.15. At high doping levels, the 
distance between rubrene sites becomes small and trapped holes can be transferred, 
via the rubrene, towards the cathode without release to the MEH-PPV. The higher 
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current seen at over 50 % doping is ascribed to hole transfer via both the materials. 
Other groups [13,15] have reported a decrease of current with increasing 
concentration of rubrene doping in both single-layer and dual-layer devices. 
2.8eV MEH-PPV t-------+ 
Rubrene f---~~~-~y ____ _ 
AI 
MEH-PPV~ ~-
Rubrene -- \L -'''" -~ 
4.2eV AI 
ITO 
4.8 eV 4.9eV 
5.4 eV 
--------------
Figure 7.15 Schematic representation of (a) the energy levels of the materials and (b) 
hole and electron transporting process in a rubrene-doped MEH-PPV device. 
The 20 % rubrene-doped device has the highest external quantum efficiency -
1.4xl0-2 %, one order of magnitude higher than the undoped device (2.0xl0-3 %) at a 
current density of 0.1 A cm-2 (Figure 7 .16). Above 20 % doping, this value decreases 
with increasing doping level of rubrene. The high efficiency is due to reduced excirner 
formation with increasing doping as shown in the PL spectra excited at 420 nm 
(Figure 7 .17). Dilution of the conjugated polymer by blending with an inert polymer 
has been reported to hamper the interchain transport or excirner formation [ 16]. The 
rubrene film has a PL peak at 580 nm. In the doped films, the emission originates 
from the MEH-PPV regardless of the doping level. 
In a highly doped system, both charges can be trapped in rubrene and 
transferred towards the opposite electrode via adjacent rubrene molecules without 
energy transfer to emissive material, MEH-PPV. This results in poor emission. 
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Figure 7.16 Plots of quantum efficiency versus current density for devices with 
various doping ratio of rubrene. 
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Figure 7.17 PL spectra of MEH-PPV(Ru) with various doping ratio of rubrene. 
The electroluminescence spectra (Figure 7.18) of the doped devices show the 
same features as the PL spectra. The excimer band, near 630 nm, is reduced with 
increasing doping level and the EL emission originates from the MEH-PPV regardless 
of doping percentage. This is in contrast to other reports in which EL comes from 
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dopant which has much lower bandgap located inside the energy levels of the host 
material [11, 17]. 
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Figure 7.18 EL spectra of MEH-PPV devices with various doping ratio of rubrene. 
7.4.3 Device Operating Lifetime 
Lifetime or luminance measurements were undertaken with a constant current 
of 0.2 rnA through both the rubrene-doped (20 %) and undoped MEH-PPV devices 
(N.B. Figure 7.19 contrasts with the constant voltage experiment shown in Figure 
7.5). The initial electric loads were 0.14 W cm-2 and 0.16 W cm·2 for the undoped and 
rubrene-doped devices. The initial luminance of the rubrene-doped device is one order 
of magnitude higher than that of the undoped device. In the case of the doped device, 
the initial voltage of 15.5 V changed to 17 V after 10 hours to maintain the constant 
current. In contrast, the voltage across the undoped device increased from 13.7 V to 
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17 V over 6 hours and then increased rapidly up to 37 V, breaking down the device 
after 8 hours. 
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Figure 7.19 Luminance decay of both rubrene-doped and undoped MEH-PPV devices 
at a constant current of 0.2 rnA 
In conclusion, by doping rubrene into MEH-PPV (20 % by weight), the 
lifetime increases and the external quantum efficiency increases by one order of 
magnitude. 
7.5 Use of Interfacial Layers 
7.5.1 Background 
The two electrode interfaces in the LED structure are very important since the 
contacts between the metals and the organic layers can be generally poor. To improve 
this, a copper phthalocyanine (CuPc) layer was introduced between the anode and the 
MEH-PPV, and an additional electron transporting layer of Alq3 between the 
PDPyDP layer and the Al top electrode. A CuPc layer has been deposited on ITO 
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with a good coverage and was observed to improve hole injection and to enhance 
device lifetime [12]. An Alq3 layer has been reported to form metal-Alq3 complexes at 
the cathode/organic interface [ 18], which could prevent poor adhesion of the organic 
layer to the cathode. 
7.5.2 Device Structures 
CuPc and Alq3 were purchased from the Aldrich Co. Their chemical structures 
are shown in Figure 7 .20. These materials were also thermally evaporated at a rate of 
0.1 - 0.2 nm s-1, at 290°C for CuPc and 185 oc for the Alq3. 
CuPc 
Figure 7.20 Molecular structures of Alq3 and CuPc. 
Three LED structures were fabricated in addition to the MEH-
PPV(Ru)/PDPyDP device. The devices were: (I) MEH-PPV(Ru)/PDPyDP reference 
device; (II) CuPc/MEH-PPV(Ru)/PDPyDP; (Ill) MEH-PPV(Ru)/PDPyDP/Alq3; and 
(IV) CuPc/MEH-PPV(Ru)/PDPyDP/ Alq3. The individual layer thicknesses were: 
MEH-PPV(Ru)::::: 80 nm; PDPyDP::;; 60-70 nm; CuPc::::: 15 nm; Alq3 ::::: 30 nm. This 
resulted in total organic layer thickness of: device (I) - 150 nm; device (II) - 163 nm, 
device (Ill) - 170 nm; and device (IV) - 200 nm. Device (IV) had a thicker Alq3 layer 
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resulting in a total thickness of both electron transporting layers. The LED structure 
for device (IV) is shown schematically in Figure 7.21. 
Figure 7.21 Structure of multilayer LED. 
7.5.3 Device Performance 
The electrical characteristics and quantum efficiency of the devices are shown 
in Figure 7 .22. The electrical characteristics of the devices incorporating the CuPc 
buffer layer are shifted to lower electric fields as compared to the devices without it. 
This result may be explained in terms of a lower injection barrier for holes at the 
ITO/hole transporting layer interface - the ionisation potential for CuPc (4.7 eV, 
[19]) is reported to be better matched to the workfunction of ITO (4.7 eV) than the 
HOMO level of MEH-PPV (4.9 eV). A similar result was reported by Karg et al. [20] 
for a device incorporating a hole buffer layer, polyaniline (PaNi). 
The electric field required to give light emission is 2.0xl07 V m-1 for the 
reference device, 1.2x 107 V m-1 for the device incorporating the CuPc, 3.5x 107 V m-1 
for the device with the Alq3 and 2.7x l07 V m-1 for the device including both buffer 
layers. 
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Figure 7.22 Current versus electric field characteristics for LEDs incorporating CuPc 
and Alq3 layers. 
The quantum efficiencies of these structures, measured at a current density of 
10 rnA cm·2, are: device (I) - 0.14 %; device (II) - 0.26 %; device (III) - 0.21 %; and 
device (IV) - 0.11 %. Device (II), with a CuPc layer, has a lower tum-on threshold 
electric field and a twofold increase in external quantum efficiency as compared to the 
reference device. Vestweber et al. [21] have observed similar effects for LEOs 
containing a CuPc buffer layer. The external quantum efficiency of device (IV), 
incorporating the CuPc layer, has a lower value than that of device (III) without it. 
This could be attributed to the migration of less electrons to the emission zone, 
resulting in unbalanced charge carriers. More electrons are liable to be trapped during 
migration in thicker electron transporting layers. 
Orange-yellow light was easily visible under ambient lighting conditions from 
all the devices studied. TheEL spectra are shown in Figure 7.23. In each case, there is 
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a peak at 590 run together with a shoulder at 630 run, coincident with the output of the 
MEH-PPV single layer device. This suggests that in all device structures, 
recombination of excitons takes place radiatively in the MEH-PPV. 
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Figure 7.23 EL spectra of the LEDs. 
To date, a maximum quantum efficiency of 0.7 %has been achieved with the 
MEH-PPV(Ru) (1 00 run)/PDPyDP (60 run) structure and a maximum brightness of 
4040 cd m-2 at the current density of 0.3 A m-2. The photograph of the EL emission 
from this structure is shown in Figure 7.24. Notably, a great deal of the emitted light 
was waveguided to the glass edge. 
Figure 7.24 Photograph ofEL emission for the MEH-PPV(Ru)/PDPyDP structure. 
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7.5.4 Dark Area Formation (Storage lifetime) 
The current in the CuPc-containing device (II) decreased over a period of one 
day in a similar fashion to the reference device (Figure 7.25(a)). This device also 
degraded rapidly after one day storage as shown in Figure 7.25 (b). In contrast, the 
characteristics of the device incorporating Aiq3 between the PDPyDP and the AI 
(device (III)) were more stable, as shown in Figure 7.25(c). The EL image of this 
device, shown in Figure 7.25(d) (again, measured after storage in a low vacuum and 
with no applied bias) reveals much fewer dark areas compared with the device 
without the Aiq3 layer. Figure 7 .25(f) shows the EL image of the device containing 
both CuPc and Aiq3 (device (IV)). There are now comparatively few dark regions. In 
fact, the device current even increased after one day storage and then decreased 
slowly (Figure 7.25(e)). A number of devices with different thicknesses of the Aiq3 
layer revealed that the dark area formation was reduced with increasing the thickness 
of the Aiq3 layer. The fewer dark areas of device (IV) compared to device (III) is 
attributed to the thicker Aiq3 layer. These results support the hypothesis that the dark 
regions in the EL image are associated with the interface between PDPyDP and the AI 
top electrode. 
McElvain et al. [22] reported the diminution of dark region growth in dry 
nitrogen conditions. It was suggested that the penetration of oxygen and moisture 
through pin-holes in the top metal degraded the adhesion of the electrode to the 
adjacent organic layer. The reduction of dark areas by insertion of an Aiq3 layer can 
then be explained by superior adhesion of this compound to the AI electrode, e.g. via 
Aiq3-metal complex chemical bonding [18]. 
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Figure 7.25 Current versus voltage characteristics of (a) CuPc/MEH-
PPV(Ru)/PDPyDP, (c) MEH-PPV(Ru)/PDPyDP/Alq3, and (e) CuPc/MEH-
PPV(Ru)/PDPyDP/Alq3 at various times. EL images of (b) CuPc/MEH-
PPV(Ru)/PDPyDP, (d) MEH-PPV(Ru)/PDPyDP/Alq3, and (f) CuPc/MEH-
PPV(Ru)/PDPyDP/Alq3 after one day storage (no voltage applied) in a low vacuum. 
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7.5.5 Operating Lifetime 
A different degradation experiment was undertaken by measurement of the EL 
output over time under an electrical stress (i.e. in contrast to the storage experiments 
described above). A constant d.c. current of 0.2 rnA, equivalent to a current density of 
10 rnA cm-2, was passed through all the devices and the EL output monitored as a 
function of time. The results are shown in Figure 7.26. The resulting half-lives (initial 
voltage) were: device (I) - 1 h (19.2 V); device (II) - 11 h (18.3 V); device (III) - 4 h 
(23.4 V); and device (IV)- 35 h (26 V). The half lifetime for device IV was calculated 
by extrapolation within the stabilized region. 
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Figure 7.26 Luminance decay of LEDs with constant current of 0.2 rnA. 
The MEH-PPV(Ru)/PDPyDP/Alq3 device had completely degraded after six 
hours. This device had a shorter lifetime than the reference device (9 hours) because 
of the higher initial voltage, which induced a higher initial electric field throughout the 
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device. When the AI electrode was viewed under an optical microscope, it was 
evident that the metal layer had 'erupted' in many places, presumably due to local 
heat dissipation. This type of degradation is different from that seen in the storage 
experiments, in which the AI electrode remained continuous but possibly became 
delaminated from the electron-transporting layer. 
Figure 7.26 reveals that incorporation of a CuPc buffer layer can significantly 
improve the operating lifetime of the LEOs, considering the high initial voltage of 26 
V applied in device (IV). Several authors have offered explanations for the increased 
lifetime by using a CuPc buffer layer. For example, Adachi et al. [23] showed a 
reciprocal relationship between the lifetime and the energy barrier to holes at the ITO 
interface. A large energy barrier to hole injection at the ITO/hole transporting layer 
interface results in joule heating. This in turn causes local aggregation of molecules 
and possibly crystallisation of the hole transporting material. From this point of view, 
a low energy barrier to hole injection is a prerequisite to prolong the device lifetime. 
Here, CuPc layer has a lower hole injection barrier by 0.2 eV compared to the MEH-
PPV layer. 
Scott et al. [24] have suggested that an indium-tin oxide (ITO) anode provides 
a source of oxygen. This can cause a reaction with the adjacent charge transporting 
material that is detrimental to the device performance. For example, a loss of 
conjugation length can occur by a chemical reaction of the oxygen with the vinyl 
carbon by the formation of C=O groups. Y an et al. [25] reported that the presence of 
these groups was inversely correlated to PL quantum yield and the device lifetime. It 
has been shown that it is advantageous to incorporate a very thin buffer layer of a 
material such as copper phthalocyanine (CuPc) [18] or polyaniline (PaNi) [26] 
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between the ITO and the hole transporting layer. As well as providing increased hole 
injection, the buffer layer also prevents oxygen from penetrating into the emissive 
material. 
There is a further explanation. The surface morphology of ITO is notoriously 
uneven. Evaporation of the CuPc layer may produce a much smoother electrode 
surface. This would result in a more even electric field distribution in the LED and 
reduce the number of high field regions which could lead to localised breakdown. 
7.6 Annealing Experiments 
The device degradation is attributed to a poor contact between the PDPyDP 
layer and the AI top electrode. Lee et al. [27] demonstrated that post-deposition 
annealing improved the adhesion of the top AI electrode to the underlying organic film 
(MEH-PPV) by promoting the formation of particular chemical bonds. This enhanced 
interfacial adhesion increased the effective area for electron injection, leading to more 
balanced charge injection. Therefore, we have studied the effects of heat treatment on 
dual-layer LEDs using already degraded MEH-PPV(Ru)/PDPyDP devices. 
7.6.1 Experimental Details 
Dual-layer devices were fabricated by thermal evaporation of PDPyDP (~50 
nm) onto spun films of MEH-PPV(Ru) (""' 80 nm). After measuring the 1-V 
characteristics of fresh devices, the devices were stored in a low vacuum chamber oo-
1 mbar). Some devices were kept in air to investigate the effect of oxygen/moisture in 
air on the dark area formation. Annealing was performed on the samples stored in a 
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low vacuum for three days after fabrication. Samples were attached to a heated plate 
in a low vacuum chamber. Different annealing temperatures of 140 °C, 160 °C, 175 °C 
and 195 oc were used for 30 minutes on each sample. The growth of the dark areas in 
the EL image was recorded using a camera mounted on an optical microscope (xlO 
magnification) in a dark room. The EL light projected through the ITO glass to the 
camera with an exposure time of two minutes. 
Quartz/MEH-PPV(Ru)/PDPyDP structures were made for the UV-Vis. and 
PL spectra measurements, respectively, to see whether the device degradation 
originated from a chemical or physical change. 
7.6.2 Comparison of Dark Area Growth for Devices Stored in Air or in 
Vacuum 
The current decrease of a device stored in air is compared with that of a 
device stored in a low vacuum in Figure 7.27. 
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Figure 7.27 Comparison of 1-V characteristics between devices kept in air and in 
vacuum. 
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The current in the device stored in air decreased from 3.4 rnA to 11 J..LA at 25 
V after 2 days storage. In contrast, the current of the device stored in vacuum 
decreased from 5.4 rnA to 1.2 rnA at 25 V after 2 days storage. This result suggests 
that air and/or moisture have an effect on the device stability by penetration through 
the A1 electrode and stimulating the delamination of the A1 electrode from the 
PDPyDP layer. The current drop was accompanied by an increase in the dark area 
formation in the EL image. Aziz et al. [28] reported that this kind of dark formation 
was independent of the electrical bias but was accelerated by increasing the humidity 
in the atmosphere. 
7.6.3 Effect of Annealing on 1-V Characteristics 
The degraded samples (stored in a low vacuum for 3 days after A1 
evaporation) were annealed at different temperature for 30 minutes. The I-V 
characteristics are shown in Figure 7 .28(a) and their light outputs against voltage are 
shown in Figure 7.28(b). The tum-on voltage for EL is 2 - 2.5 V in all devices. Both 
the current and light output versus voltage curves were shifted to higher voltages after 
storage (no applied bias). However, following suitable heat treatment, these 
characteristics approached those of a freshly fabricated device. In fact, annealing for 
30 minutes at 195 °C almost fully restored the current versus voltage curve. There 
seems to be no particular device improvement below the sublimation temperature of 
the electron transporting layer ("" 160 °C). The light output also increased to reach a 
maximum when annealed at 160 °C, but decreased if the annealing temperature was 
over 160 oc (Figure 7.28(b)). 
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Figure 7.28 (a) I-V characteristics of devices subjected to annealing at vanous 
temperature and (b) light output versus voltage characteristics. 
Figure 7.29 shows the quantum efficiency versus current density plots of the 
devices annealed at various temperatures. The quantum efficiencies of the devices, 
measured at a current density of 10 rnA cm·2, were: 2.4x 10·1 % for the fresh device; 
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1.8x10-1 % for the device following storage for three days in vacuum; 8.0xl0-2 % 
after annealing at 140 °C, 3.lxl0-1 % after annealing at 160 °C, 2.2xl0-1 % after 
annealing at 175 oc and 6.6xl0-2 % after annealing at 195 oc. From an efficiency 
viewpoint, annealing at 160 oc appears to be the optimum process. 
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Figure 7.29 Quantum efficiency of the devices annealed at various temperatures. 
7.6.4 Effect of Annealing on PL, UV-Vis. Absorption Spectra 
The PL (excitation wavelength of 420 nm) and UV-Vis. absorption spectra are 
shown in Figure 7.30. A QuartzJMEH-PPV(Ru)/PDPyDP/Al structure was made for 
the PL experiment. A similar structure, but without the Allayer, was used for the UV-
Vis. absorption measurements. The PL output originated from the MEH-PPV layer 
and possesses two peaks: a main band at 600 nm together with an excimer peak at 
635 nm. The PL intensity did not decrease after 5 days storage in low vacuum, in 
contrast to the EL output, and retained its shape over time. The PL emission output 
originated from the entire sample area, and there was no evidence of dark areas in the 
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PL output. This observation suggests that the dark areas seen in the EL image are still 
active in the PL emission. Hence, the dark area growth is not attributed to 
degradation of the organic materials and a luminescence quenching process over time. 
After annealing at 160 °C for 30 minutes, the PL intensity decreased to 60-70 % of its 
original maximum value and broadened. The relative intensity of the excimer peak at 
635 nm increased. 
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Figure 7.30 UV-Vis absorption spectra of quartz/MEH-PPV(Ru)/PDPyDP and 
normalised PL spectra of quartz/MEH-PPV(Ru)/PDPyDP/Al. 
The increased excimer formation on annealing probably results from increased 
interchain interactions in the MEH-PPV(Ru) layer due to more chain packing in the 
case of stiff chain molecules such as 1t-conjugated polymers [29]. This excimer 
formation might be expected to lower the PL quantum efficiency and consequently to 
lead to lower EL external quantum efficiency. The higher quantum efficiency 
measured for the LED annealed at 160 oc is probably due to improved interfacial 
contact, which provides an increase in the electron injection from the Al electrode. As 
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a consequence, the improved contact compensates for the loss in the PL quantum 
efficiency. 
There are no notable optical changes in the UV-Vis. absorption spectra with 
storage time and after the annealing treatment. The peak of 507 run originates from 
the MEH-PPV while the bands at higher energy (300 - 350 run) are from the 
PDPyDP. This suggests that the bandgap of MEH-PPV is unaffected by annealing at 
160 °C for 30 minutes. All three curves are very similar to the fresh, vacuum-stored 
and annealed samples, again confirming that dark area growth in the EL image with 
storage time is not the result of any chemical decomposition of the organic layers. 
7.6.5 Effect of Annealing on Dark areas in EL Image 
The growth of the dark areas in the EL output was monitored with time by 
recording the EL image. Dark areas are evident in the EL images of all the devices, 
even the freshly prepared sample (Figure 7.31(a)). Upon storage in a low vacuum, 
these dark regions merge and islands of larger area are formed (Figure 7.31 (b)). After 
5 days storage in low vacuum, a large portion of active area was covered by dark 
areas (Figure 7.31 (c)) resulting in a lower EL output. A careful study of the 
photographs, which were taken from identical areas of the same device, reveals that 
the increasing dark regions in the EL image are formed by the growth of existing dark 
'spots' rather than by the nucleation of new spots. The dark regions observed in the 
EL image are created by initial defects, introduced during device fabrication. After 
annealing at 160 oc for 30 minutes, Figure 7.31(d) shows a substantial decrease in the 
area of the dark regions and an increase in the EL emission from the entire device 
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area. A close inspection of the EL image after annealing reveals nuclei, which possibly 
act as initial points of delamination . 
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Figure 7.31 Dark area growth of the same device with time. (a) EL image of fresh 
device, (b) EL image of device stored in vacuum for 4 days, (c) EL image just before 
annealing treatment (after 5 days), and (d) EL image just after annealing. The device 
width is 1 mm. 
In line with other workers [22], we suggest that the dark areas evident in the EL 
images correspond to regions in which there is poor physical and electrical contact 
between the PDPyDP layer and the Al cathode. Over time, further delamination of the 
metal top contact occurs, resulting in a decrease in the EL output from the LED. 
Annealing at a temperature approaching the sublimation temperature of PDPyDP, 160 
°C, can accelerate inter-diffusion of the PDPyDP and the aluminium layer, e.g. via 
either formation of chemical bond, such as a C-Al bond [29] or improved molecular 
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atomic level interactions. The improved adhesion provides an increase in the 
conducting path for electron injection from the AI electrode leading to restored light 
output from the degraded device. 
7 .6.6 AFM Studies 
Figure 7.32 shows surface morphologies of the AI surface observed by AFM 
at various states and with no voltage applied to the LED structure before the 
measurement: (a) immediately after AI evaporation; (b) after one day storage in air; 
and (c) after annealing with sample (b) at 160 oc for 30 minutes. The roughness of the 
AI surface can be evaluated by the surface parameters of the AFM images as listed in 
table 5. 
RMS (nm) Average height (nm) Maximum range (nm) 
Just after AI 5.05 29.44 69.37 
evaporation 
After one day 7.28 94.72 144.61 
storage 
After annealing at 5.94 66.64 99.89 
160 oc for 30 min. 
Table 5. Surface parameters of AFM images of the AI surface at various states. 
The morphology after one day storage shows sharp peaks arising over the 
whole AI surface, resulting in a twofold increase in the maximum range (maximum 
height - minimum height) compared with that of the fresh AI surface. The rough edge 
line of Figure 7.32(b) shows the possible existence of cavities between the AI surface 
and the adjacent layer. The peaks disappear and the AI surface becomes smoother 
after the annealing treatment. However, the surface is still not as smooth as that of the 
fresh surface. 
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Figure 7.32 AFM images ofthe Al surface of(a) fresh device, (b) device stored for one 
day in air and (c) device after annealing treatment at 160 °C for 30 minutes. 
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7.6.7 Storage and Operating Lifetime Tests 
Figure 7.33 shows the stability with time of a device annealed at 160 oc for 30 
minutes. After the annealing treatment, the sample current and the light output did not 
decrease as rapidly as the fresh device with storage time. This suggests that annealing 
results in a reasonably strong bond between the PDPyDP and the AI electrode. 
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Figure 7.33 The change of I-V characteristics of MEH-PPV(Ru)/PDPyDP device 
with time after annealing at 160 °C for 30 minutes. 
To study the device operating lifetime, a constant current of 0.2 rnA, 
equivalent to a current density of 10 rnA cm-2, was passed through the LEDs that had 
been subjected to the annealing treatments at 160 oc and 175 °C. The EL output 
(measured in low vacuum) was monitored with time and compared with that of the 
fresh device in Figure 7 .34. The light output of a fresh device decreased rapidly over 
one hour and the device was completely degraded (no detectable EL output) after 9 
hours of constant current stress. In contrast, both of the annealed LEOs exhibited 
significantly increased lifetimes. In the case of the structure annealed at 175 °C, the 
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EL output first showed a slight increase during the first stages of the stress 
experiment and then stabilized. 
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Figure 7.34 Luminance decay test with constant current (0.2 rnA) after annealing. 
Despite the longer lifetime, it should be noted that the device annealed at 175 
°C possessed a lower external quantum efficiency than the structure treated at 160 oc. 
Esselink: et al. [30] showed that as the annealing temperature increased, the diffusion 
length of Al atoms into the polymer layer increased and a stable interface with the 
conjugated polymer could be formed. At high annealing temperatures, Al atoms can 
diffuse further into the polymer and form chemical bonds deeply inside this layer. The 
emission zone for EL therefore is moved closer to the Al electrode, which can act as a 
quenching site for excitons, consequently lowering the quantum efficiency. Choice of 
the annealing temperature requires a compromise to be made between device lifetime 
and device efficiency. The decrease in the quantum efficiency at higher temperatures 
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(195 °C) may be related to some morphological change in the emissive layer, such as a 
transition from an amorphous to a polycrystalline structure. 
7. 7 AI Evaporation 
The results in the previous section suggest that the bonds formed between the 
aluminium cathode and the evaporated electron transporting layer is important in 
determining both the storage and operating lifetime of our LEOs. We therefore have 
undertaken a series of experiments in which the rate of evaporation and thickness of 
the aluminium were varied. The Al evaporation rate of all the former devices is 1.6 nm 
-I 
s . 
Several devices were made with different conditions for the Al evaporation: (I) 
rate, 0.25 nm s-1 and thickness, 150 nm; (II) rate, 3.5 nm s-1 and thickness, 150 nm; 
(III) rate, 3.5 nm s-1 and thickness, 300 nm; and (IV) rate, 14 nm s-1 and thickness, 
300 nm. The 1-V characteristics of these devices were recorded with storage day. 
Figure 7.35 shows the cur-tent (a) and quantum efficiency (b) variation with storage 
day, which are normalised with the values of the fresh devices at 20 V. 
There is a trend for the device using a slower Al evaporation rate to degrade 
more rapidly than devices produced with higher evaporation rates. The currents and 
the quantum efficiencies decreased with time and finally remained constant after 
devices were fully degraded as shown in Figure 7.35. The lifetimes are: 3 days for the 
device (I); 5 days for the device (II); 11 days for the device (III); and still active up to 
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13 days for the device (IV). Device (IV) with a thicker AI electrode is more stable 
than the device with a thinner one (III). 
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Figure 7.35 The current and quantum efficiency change with storage time. The values 
at 20 V are normalised with those of fresh device at the same voltage. 
The rate at which aluminium is deposited onto a surface has been found to 
greatly influence the properties of the resulting film [31] . This can arise from a 
competition between attack by residual gases at the freshly coated aluminium surface 
and the deposition of another layer of aluminium. The most important species to 
consider are oxygen and water, which attack the AI surface during evaporation 
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causing a rougher surface. As the rate of evaporation is increased, the arrival of AI at 
the substrate outpaces the arrival of the background gases. The AFM images of the AI 
electrodes for the devices in which the AI was evaporated at 0.25 nm s-1 and 3.5 nm s-1 
are shown in Figure 7.36(a) and (b), respectively. These were taken immediately after 
the AI evaporation. 
2.51J.1Tl 
O~m~~~~~~~~~~w=~~~ 
01J.1Tl 2.5~m 
(a) 
(b) 
Figure 7.36 AFM image of the AI electrode evaporated at the rate of(a) 0.25 run s-1 and 
(b) 3.5 nm s-1. 
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The AI surface evaporated at the lower rate is very rough and has many deep 
valleys. On the other hand, the surface evaporated at the higher rate is a more uniform 
surface. An Al surface with sharp peaks and deep valleys is likely to have pin-holes, 
allowing the penetration of oxygen and moisture penetration and leading to a rapid 
device degradation [32]. Figure 7.37 shows the light output decay of fresh devices 
with different Al evaporation conditions at a constant current of 0.2 rnA. The device 
with a thicker electrode evaporated at a higher rate has a longer operating lifetime. 
Although there were improvements over devices with thinner/slower evaporated Al 
electrodes, the effect on the operating lifetime was not as marked as that produced by 
annealing. 
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Figure 7.37 Light output decay for the devices with Al electrode evaporated under 
different conditions. 
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7.8 Summary 
Spin-coated MEH-PPV films possess less excimer formation and a shorter 
conjugation length in comparison with the MEH-PPV LB films. Consequently, LEOs 
incorporating spun films have higher quantum efficiencies than devices with LB films. 
2,5-bis[2-( 4-tert-butylphenyl)-1 ,3,4-oxadiazol-5-yl]pyridine (PDPyDP) has 
been shown to be a useful material as an electron transporting layer in organic LED 
structures. The optimally performing dual-layer device, ITO/MEH-PPV(Ru) (100 
nm)/PDPyDP (60 nm)/Al possessed a luminance of approximately 4xl03 cd m-2 at an 
operating current density of 0.3 A cm-2 and an external quantum efficiency of 0.7 %. 
Despite a low electron injection barrier at the interface between the PDPyDP layer 
and the Al top electrode, dark regions appeared in the EL image over storage time, 
resulting in degradation of the device. This is ascribed to the delamination of AI 
electrode from the organic layer due to weak cohesion. 
By inserting (I) a CuPc buffer layer between ITO and the emissive layer and 
and an Alq3 layer between the Al electrode and the PDPyDP layer and (II) doping 
rubrene into the MEH-PPV layer, the storage and operating lifetime of the device was 
much improved but, still vulnerable to the heat generated during operation. 
Annealing above the sublimation temperature of PDPyDP promoted the 
adhesion between this material and the Al electrode, owing to improved bonds 
resulting in either C-Al chemical bonds or molecular atomic level interactions. 
Annealing of the degraded devices restored sample currents and light output and in 
addition to give a notable increase in lifetime. 
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Using a relatively fast evaporation rate for aluminium produced a more 
uniform Al surface and a thicker Al electrode had less pin-holes on the surface. These 
effects prevented the penetration of moisture and/or oxygen, thereby reducing the 
delamination of the metal and improving the storage and operating lifetime of the 
devices. 
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Chapter 8. 
Conclusions and Suggestions for Further Work 
8.1 Conclusions 
Organic light emitting devices have been fabricated based on poly(2-methoxy-
5(2' -ethylhexyloxy)-p-phenylenevinylene), MEH-PPV. Thin films of MEH-PPV were 
deposited by either the Langmuir-Blodgett technique or spin-coating. 
The pressure versus area curve of the MEH-PPV Langmuir film reveals the 
onset of collapse of the monolayer at 16 mN m-1. No deposition was seen with a 
surface pressure within the 'condensed' region. However, Y-type LB films of MEH-
PPV were deposited onto indium tin oxide (ITO) glass and quartz substrates at a 
surface pressure of 17 mN m-1 and pH of 5.2 - 5.6 with a transfer ratio of 0.95 ± 
0.03. It is assumed that the stability of the condensed floating film is increased by the 
interleaving of short side chains between layers in the collapsed film. 
Single-layer MEH-PPV LEDs were made by the LB technique. The current 
versus voltage and light output versus voltage curves exhibited rectifying behaviour. 
Orange-yellow light was visible to the naked eye in a darkened room under forward 
bias. The external quantum efficiency of these devices was about 8.0x10-4 % at a 
current density of 10-2 A cm-2. 
Several models were fitted to the I-V data to fmd the conduction mechanism 
within the MEH-PPV single-layer device. Cole-Cole plots from a.c. impedance 
spectroscopy measurements revealed no depletion regions associated with a Schottky 
barrier within the device. Furthermore, the thickness and temperature dependence of 
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the 1-V characteristics were not in agreement with the predictions of Fowler-
Nordheim tunnelling theory. Two different regions could be seen in log(l)-log(V) 
graph. The slope changed from 2 at low applied voltage (space charge limited current) 
to 5-6 at high applied voltage (trap charge limited current). This power law 
dependence of the 1-V characteristics could be modelled by SCL current theory with a 
trap distribution over large temperature and thickness ranges. 
Several strategies were used to increase the external quantum efficiency of 
LEDs based on MEH-PPV LB films. The insertion of arachidic acid (AA) layers 
between the MEH-PPV film and the aluminium cathode was found to decrease the 
tum-on voltage for electroluminescence (EL) and to increase the external quantum 
efficiency. In contrast, depositing the fatty acid layer between the polymer and the 
ITO anode resulted in poorer device performance. 
LB layers of the electron-transporting material, poly(6-hexyl-2,5-pyridinediyl) 
(PHPY), were deposited on top of the MEH-PPV LB films to make a dual-layer 
device (ITO/MEH-PPV/PHPY/Al). Z-type transfer of the PHPY was observed at a 
dipping pressure of 30 mN m-1. TheEL spectrum of the dual-layer device was nearly 
the same as that of the MEH-PPV single-layer device, confirming that light emission 
originated from the MEH-PPV layer. The external quantum efficiency increased to 
7.5xl0-3 %, about ten times greater than that measured from the MEH-PPV single-
layer device. The reason for the greater external quantum efficiency is that the 
injection of more electrons leads to a more balanced charge carrier recombination 
which takes place at the interface between the MEH-PPV and the PHPY layer. The 
PHPY layer also moves the recombination region away from the Al electrode, 
avoiding nonradiative quenching effects. The tum-on voltage for EL in the dual-layer 
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structure was 4 V lower than that of the single-layer device due to the lower energy 
barrier for electrons at the A1 cathode. 
Annealing the MEH-PPV LB flims prior to evaporation of the A1 electrode 
enhanced the packing of the polymer thin flim. This was confrrmed by a reduction in 
thickness. UV-Vis. absorption spectra, in which the absorption peaks were blue-
shifted with increasing annealing temperature, suggested the aggregation of molecules 
in the LB flims. The PL spectrum was red-shifted as the annealing temperature 
increased, suggesting that more aggregation and intra- and/or interchain interactions 
occur by enhanced packing of the polymer. 
Devices in which the organic flim was dried in a high vacuum at room 
temperature possessed the highest external quantum efficiency. The lower efficiency 
for devices composed of pre-annealed LB flims was ascribed to aggregates or intra-
and/or interchain interactions, which promote nonradiative decay channels. However, 
a longer operating lifetime could be obtained by annealing the LB ftlm at an elevated 
temperature before metallisation. The degradation of devices was attributed to the 
rupture of the A1 electrode surface. The main reason for the short lifetime was an 
uneven LB flim surface which resulted in a nonuniform electric fteld. 
The operating lifetime of the MEH-PPV single-layer device could be further 
increased by the use of a thin layer ( < 2 nm) of lithium fluoride (LiP) between the 
polymer flim and the A1 electrode and by encapsulation of the whole device with an 
adhesive tape. 
The optical properties of MEH-PPV spun ftlms were compared with those of 
the LB flims. A fitting procedure to the photoluminescence spectra using three 
Gaussian curves revealed that the LB flim samples had more excimer formation and 
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aggregation. This was ascribed to the 7t-7t overlap within the stack which enhances the 
interchain interaction. This excimer formation can increase nonradiative decay in 
solution and in the solid state. Consequently, the external quantum efficiency of 
devices fabricated using spun films was four times higher than that of devices with LB 
films. 
Scanning electron microscopy and surface profile measurements of both types 
of film showed that the surface of the spun film was very uniform and even, whereas 
the surface of the LB film was rough. The uneven surface results in a very non-
uniform electric field within the device which caused device breakdown. Longer 
lifetimes were exhibited in the devices with spun film than in the devices with LB 
films. 
A new bis-OXD system incorporating an electron deficient compound of 
pyridine, 2,5-bis[2-( 4-tert-butylphenyl)-1 ,3,4-oxadiazole-5-yl]pyridine (PDPyDP), 
was synthesized as an electron-transporting and hole-blocking material. Its properties 
as an electron-transporting layer within the LEOs was compared with the analogue, 
1,3-bis[2-( 4-tert-butylphenyl)-1,3,4-oxadiazole-5-yl]benzene (OXD-7), a compound 
widely used as an electron transport material. The external quantum efficiency of 
dual-layer devices with a PDPyDP layer on an MEH-PPV spun film was 
approximately a factor of five higher than that of devices using OXD-7. This could be 
explained by the lower LUMO level and higher electron mobility of the PDPyDP 
layer. However, the PDPyDP devices were not stable. The current and the EL 
intensity both decreased during storage in low vacuum (10-1 mbar) and dark, non-
emissive regions were evident when the device was viewed through the ITO electrode 
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during operation. These dark regions in the EL image enlarged over a period of time 
resulting in degradation of the device. 
A number of strategies were adopted to improve the storage and operating 
lifetime of the devices incorporating a PDPyDP layer. Devices with rubrene doped 
MEH-PPV exhibited external quantum efficiencies that were greater by one order of 
magnitude and showed improved operating lifetime compared with the undoped 
device. The best luminance for the dual-layer devices utilising rubrene-doped MEH-
PPV and PDPyDP was 4x103 cd m·2 at a current density of 0.3 A cm·2• A maximum 
external quantum efficiency of 0.7 % was observed for this dual-layer system. The 
real value could be over 1 % (i.e. measured with an integrating sphere instead of a 
photodiode) considering that about 50 % of the emitted light from the device is 
waveguided to the glass substrate edge [1]. 
Despite the high brightness, dark regions were still evident in the EL image of 
the rubrene-doped device. The growth of these regions was ascribed to the 
delamination of the Al cathode from the PDPyDP layer. This was caused by the poor 
interfacial contact of the PDPyDP layer with the Al cathode, which was accelerated 
by moisture/air penetration through pin-holes in the Al electrode surface. Insertion of 
a copper phthalocyanine (CuPc) layer between the ITO and the emissive layer and a 
tris (8-hydroxyquinoline) aluminium (Alq3) layer between the electron transporting 
layer and the Al top electrode significantly improved the storage and operating 
lifetime of the devices. 
The sample currents and light output of the degraded devices could be 
restored by annealing above the sublimation temperature of the PDPyDP, 160 °C, for 
30 minutes. The currents and light output were still lower than those of fresh devices 
202 
Chapter 8. Conclusions and Suggestions for Further Work 
due to a possible morphology change in the organic films. However, the quantum 
efficiencies of devices annealed at 160 oc were comparable with those of fresh ones. 
Dark areas in the EL image were eliminated and the EL originated from the 
entire device area after annealing. These results show that the adhesion of the 
PDPyDP layer to the Al electrode was improved either by the formation of stronger 
chemical bonds between Al atoms and PDPyDP molecules such as the Al-C bond or 
by molecular atomic-level interactions. After the annealing treatment, the device was 
relatively stable. For example, the EL output of the device annealed at 175 oc showed 
no sign of decrease up to 10 hours during a constant current stress of 0.2 rnA. This is 
in contrast to the fresh device which had completely degraded after 9 hours. 
The smoothness of the Al electrode surface is an important factor for the 
device stability and lifetime. Devices with a thicker electrode evaporated at a higher 
rate had a better performance in terms of storage and operating lifetime. 
8.2 Suggestions for Further Work 
Once photons are generated within the device, not all can escape to the 
external world. There are several reasons for this, illustrated in Figure 8.1 [2]. 
Al 
MEH-PPV 
PDPyDP 
ITO 
Glass {IT) 
Figure 8.1 A diagram showing the reflection of rays within organic LEOs. 
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The processes shown in the figure are: 
(I) Reflection from the interface between the glass and the air. 
(II) Edge emission, which is waveguided to the edge of the medium owing to total 
reflection within the glass and ITO layer. The absorption of the ITO layer is 
negligible since the ITO thickness of 45 nm is very thin compared with the glass 
thickness of 0.7 mm. 
(ill) Reflection from the ITO surface. This is related to the critical angle, Sc. 
(IV) Self-absorption by trapping centres within the material, etc. 
Such processes could be reduced or even eliminated by modifying the device 
structure, leading to higher external quantum efficiencies. Several schemes for this are 
suggested below. 
8.2.1 Prevention of Reflection at the Glass-Air Interface 
To minimize the reflectivity losses, the reflectivity coefficient R should be 
considered. This is given by Fresnel's equation for a medium of refractive index n2 
and external medium with refractive index n3 
R = (~- "'J)2 
(n2 + "'J)2 (8.1) 
When an additional dielectric medium with refractive index n1 is placed on top, 
the reflectivity coefficient R becomes 
R = (nt"'J -~2)2 
(nln3 + n/)2 
(8.2) 
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Modified ITO glass can be exploited to decrease R. A SiN layer ( 400 nm, n "" 
1.85 [3]) was deposited on the glass by chemical vapour deposition and the ITO layer 
(45 nm) was subsequently deposited on the SiN layer. Using a refractive index of 1.5 
at a wavelength of 590 nm [3] for the glass and 1 for the air, the reflectivity 
coefficient of the modified ITO glass is 0.15, which is lower than that of normal ITO 
glass, 0.36. 
A dual-layer MEH-PPV (85 nm)/PDPyDP (70 nm) and a single-layer MEH-
PPV spun film were deposited on the modified ITO glass. Their I-V characteristics 
and external quantum efficiencies are compared with devices fabricated on the normal 
ITO glass in Figure 8.2 and the results are summarized in Table 6. 
The external quantum efficiency increased by 37 %for the single layer MEH-
PPV device and by 31 % for the dual-layer device. The preliminary data support the 
idea of minimizing the reflectivity between the glass and the air by inserting a 
dielectric medium which has a higher refractive index than the glass. In theory, 
modified ITO glass with a dielectric medium with refractive index of 2.1 has the 
lowest reflectivity coefficient, leading to more light output from the glass surface. 
Therefore, a search for the best medium and its thickness dependence on the light 
output should be explored. 
Device MEH-PPV (at 0.2 A cm-2) MEH-PPV/PDPyDP 
(at 0.1 A cm-2) 
Normal ITO glass 2.7xl0-3 (%) 2.6xl0-1 (%) 
Modified ITO glass 3.7xl0-3 (%) 3.4xl0-1 (%) 
Increase 37% 31% 
Table 6. Comparison of the external quantum efficiency between devices with and 
without a SiN layer. 
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Figure 8.2 Comparison of I-V characteristics and the external quantum efficiencies for 
devices based on normal ITO glass and modified ITO glass. (a) single-layer MEH-
PPV structure, (b) dual-layer MEH-PPV/PDPyDP structure. (closed symbols: 
current, open symbols: light output) 
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8.2.2 Elimination of Total Reflection within the Glass 
(Scheme 1) 
Devices based on flat ITO glass are not good in terms of radiant flux and 
intensity. Bulovic et al. [4] showed that a large portion of the total light was emitted 
from the glass edge by total internal reflection. It is possible that, by redirecting the 
edge-emitted light, the substrate surface emission can be greatly enhanced [1]. To 
decrease the total internal reflection, the geometrical design of glass with a lens type 
at one side are required, as shown in Figure 8.3. The geometrically modified ITO 
substrate can be made by sputtering ITO on the flat side of glass. This lens type glass 
can direct the light forward and reduce total internal reflection. 
ITO 
Glass 
Figure 8.3 A geometrically modified ITO glass. (I) light directed forward by the lens 
type glass, (II) prevention of total reflection by the eclipsed shape. 
(Scheme 2) 
The glass is the source of total internal reflection as noted above. So, why not 
try to make the organic LEOs without glass? Edge emission would then be eliminated. 
An aluminium layer can be evaporated onto a polished silicon wafer and then the 
electron-transporting and emissive layer can be deposited. Finally organic LEOs 
without glass can be realised by sputtering an ITO layer on top, as depicted in Figure 
8.4. The sputtering conditions must be adjusted so that the ITO layer has a low 
refractive index, a high critical angle and a low reflectivity coefficient at the interface 
with the air. 
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ITO 
MEH-PPV 
PDPyDP 
AI 
Silicon Wafer 
Figure 8.4 Modified device structure without the glass . 
8.2.3 Increase of The Critical Angle, Sc 
When a ray of light passing from a dense to a less dense medium, e.g. glass to 
air, meets the surface, a portion of the light does not emerge, but is internally 
reflected. At a certain angle, called the critical angle, the light no longer emerges into 
the air above the surface. In the case of a medium with refractive index n which 
interfaces with air, the critical angle of ec is given by 
(8 .3) 
Thus, a higher critical angle is required for more light to emerge from the 
surface to the outside world. Greenham et al. [5] showed that external quantum 
efficiency was a factor of 2n2 smaller than internal quantum efficiencies. A medium 
with a smaller refractive index can have a higher critical angle. Given that the ITO 
layer interfaces with air, the refractive index of the ITO glass should be well matched 
with that of the air. The refractive index could be changed by altering the sputtering 
process conditions such as oxygen amount, processing temperature and pressure, etc, 
to give a higher critical angle. 
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